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Objectives:

A program of research was conducted during which modeling of the plasma kinetics of

0 2(A) generation in flowing plasmas for use in electrically excited chemical oxygen iodine
lasers (eCOILs) was investigated. The goals of this program were to improve the knowledge
base in this important technology area, provide computational support to ongoing experiments
and to propose new plasma excitation strategies to optimize and scale O2('A) production and
yields.

Status of Effort:

The objectives of the research program were met. Significant progress was made in
improving our understanding of the plasma kinetics of 0 2('A) production for pumping of
eCOILs. Advances were made in 3 areas: 1) pulse power schemes, 2) use of additives and 3)
high pressure operation. Methods and scaling laws were developed to optimize the yield of

0 2('A) in flowing plasmas in each of these areas.

Accomplishments and New Findings:

Computational Issues.

In this computational investigation, two modeling platforms were utilized. nonPDPSIM
is a two dimensional, plasma hydrodynamics model in which the fundamental plasma kinetics
equations are solved in concert with the Navier-Stokes equations for flow, plasma chemistry and
electromagnetics (or electrostatics). Global_Kin is a global or plug flow model which uses the
same reaction mechanisms as nonPDPSIM. Given its less-dimensional nature, Global Kin runs
more rapidly. Significant computational improvements were made to nonPDPSIM to enable
simulation of spiker-sustainer circuitry, high pressure flow at high power, and having multiple
nozzles for injection of gases. Similar improvements were made to Global_Kin.

Spiker Sustainer Circuitry:

Operation of the chemical oxygen-iodine laser (COIL) is based on an electronic transition
between the spin-orbit levels of the ground state configuration of the iodine atom l( 2p,, 2) -->

1(2P3/2) (1.315 rtm). The upper level is populated by near resonant energy transfer (quantum

defect - 219 cm-) from 0 2 () to ground state I(2p3/2). The COIL generates ground state I by

dissociative excitation transfer from 0 2(A) to 12. Production of 0 2(A) using electric discharges,
eCOIL, provides a means for an all gas phase system. Much of the development of eCOIL has
focused on efficiently generating 0 2(A) by engineering the operating EIN (electric field/gas
number density) of the discharge to be closer to the optimum value for exciting 0 2('A). To
maximize the fraction of discharge power that is directly dissipated in the electron-impact
excitation of 0 2(A), the electron temperature, T, should be near 1.2 eV, which corresponds to

an E/N of t10 Townsend [ 1 Townsend (Td) = 101 7 V-cm 2]. Self-sustained discharges in He/0 2

mixtures operate at least a few tens of Td.

One of the methods to reduce the time averaged electron temperature is to use a pulsed
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discharge in which a short, high power pulse (the spiker) is followed by a longer period of lower
power (the sustainer) before applying another high power pulse. The duration of the high power
pulse should be long enough for T to spike and for the gas to avalanche, producing an electron
density in excess of the steady-state value. The high power pulse should be short enough so that
the discharge does not come into a quasi-steady state. If there is sufficient excess ionization
during the period of lower power deposition, there may be an extended period where T falls
below the self-sustaining value, T,, which for He/0 2 mixtures enables a more efficient
production of 02(A). The duty cycle of the spiker and length of the sustainer should be chosen

so that the average value of electron temperature f, < To. The optimum length of the sustainer

is then largely determined by the time required for the electron density to decrease to its steady
state value, thereby increasing T towards To. This method for engineering T is often referred to
as spiker-sustainer (S-S) excitation.

In previous work we found that the yield of 02('A) generally scales linearly with energy
deposition for moderate loadings up to 5-8 eV/0 2-molecule. Energy deposition beyond these
values produces excess dissociation which ultimately reduces yield. Initial scaling studies of S-S
excitation suggested that under ideal conditions, as are represented by global models, 0 2(A)
yields approaching 30% might be possible using S-S methods. In this work, we computationally
investigated S-S methods for optimizing 0 2(A) producing using nonPDPSIM. Doing so more
realistically represents the electrical circuitry, electrode losses, uniformity and flow
considerations. In particular, we investigated capacitively coupled radio frequency (rf) excited
systems in He/O2 mixtures.

We found that S-S methods do hold the potential for increasing 02('A) yields above that

for continuous wave (CW) excitation for the same average power, though the amount of the
increases is less than that suggested by the global models. S-S techniques generally do lower the
time averaged T, compared to CW excitation and so improve the efficiency of excitation and
yield for 0 2(A). This advantage to S-S excitation is diminished at higher powers where T, is
naturally lower for CW excitation. Lower duty cycles (shorter spiker pulses) are generally more
advantageous for S-S excitation as the limit of a delta-function spiker is approached. Increasing
the frequency of excitation is also advantageous due to the lowering of T, and increasing the
electron density, n. Again, the advantage of S-S excitation is diminished as frequency increases
due to the natural decrease in T, with CW excitation. The length of the sustainer pulse should be
short enough so that T, is largely below the self sustaining value but long enough so that T, and
n, begin recovering towards their steady-state values. This recovery indicates a good utilization
of the excess ionization produced by the spiker.

For details, see the Appendix for the reprint: Natalia Yu. Babaeva, R. A. Arakoni and M.
J. Kushner, "Production of 02('A) in Flowing Plasmas Using Spiker-Sustainer Excitation", J.
Appl. Phys. 99, 113306 (2006).

Use of Additives:

In eCOIL systems, 0 2(A) is typically generated upstream of the laser cavity. 12 is
injected immediately prior to the cavity upon which the flow is supersonically expanded to lower
the gas temperature as required to maximize the gain. A challenge in eCOILs is to produce

3



sufficiently high yields of 0 2(A), and hence laser gain, to enable the laser transition to be
saturated and produce high power. In this regard, recent research has focused on tailoring the
discharge parameters and using additives such as CO, H2, D2 and NO to improve the excitation
efficiency of 0 2(A). NO and NO2 are also used as additives to control the post-discharge
chemistry. In fact, all demonstrations of laser gain and oscillation to date have used flowing
plasmas in He/0 2 mixtures with NO as an additive.

eCOILs differ from conventional COILs in that atomic oxygen is also produced in the
electrical discharge by electron impact dissociation of 02. The 0 atoms flow downstream where
3-body reactions produce 03 and the remaining 0 atoms may react with the injected 12.

Beneficial reactions of 0 with 12 produce ground state (2 P3/2) atoms (referred to as I), thereby
eliminating the expense of O2(A) molecules for the initiating dissociating reactions. Detrimental
reactions involving 0 atoms include quenching of 1(2p,/2) (the upper laser level, referred to as 1)
which reduces gain. As such, management of the 0 atom density is important to optimizing
these opposing effects.

Injection of NO or NO2 through or downstream of the discharge in eCOIL systems has
two goals; improving the efficiency of direct production of O2(A) in the discharge by electron
impact and management of the 0 atom density downstream of the plasma. Including NO in the
gas stream flowing through the discharge has, in part, the goal of improving production of
02(A). NO, having a lower ionization potential (9.26 eV) than either 02 or He, is likely to
provide more rapid ionization with the possibility of lowering the operating E/N (electric
field/gas number density) and electron temperature, Te. Lowering T from the values typical of
self-sustained He/0 2 mixtures is advantageous in more efficiently producing 02(A) by direct
electron impact. Discharges in NO have also been known to produce 0 2('A) in relatively large
amounts even though 02 may not be present as a feedstock gas. However, when flowing NO
through the discharge, some of the power that would otherwise be available to excite 02 is
dissipated by excitation and ionization of NO, an unwanted consequence.

In addition to possibly improving the production of O2('A), NO and NO 2 are potentially
effective in managing the inventory of 0 atoms through direct and cyclic reactions which have
the effect of converting 0 atoms back into 02. In the context eCOIL systems where 12 is
injected, 0 atoms are beneficial by dissociating 12 (and product species 10) to form I atoms
which are then pumped to I by collisions with 020A). The 0 atoms are detrimental by
quenching I . Totally eliminating 0 atoms is therefore not necessarily beneficial. NO and NO 2
also have secondary effects in that they react with I atoms forming intermediary species such as
INO, and IN0 2 which further react with I to reform 12.

A computational investigation was performed on the consequences of NO and NO 2
additives on flowing He/0 2 plasmas and their afterglows with 12 injection. These investigations
were conducted using nonPDPSIM and Global_Kin. We fund that although for most conditions
the addition of NO to the inlet gas stream reduced the density of 0 2(A), it ultimately increased
the densities of I downstream of the discharge through management of the 0 atom density. The
inlet NO mole fraction also typically increased the extent of the region over which positive laser
gain could be achieved. This can be particularly useful in high speed flows where mixing
lengths are longer. Injection of NO2 in the post-discharge flow can help in rapidly scavenging 0
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atoms in two body reactions (as compared to scavenging by NO which proceeds by a 3-body
mechanism). In general, addition of NO 2 in the post-discharge region improves laser gain. The
downside to NO 2 injection is a rise in gas temperature due to the exothermicity of the reactions
between NO 2 and 0.

For details, see the Appendix for the reprint: R. A. Arakoni, N. Y. Babaeva and M. J.
Kushner "02('A) Production and Gain in Plasma Pumped Oxygen-Iodine Lasers: Consequences
of NO and NO 2 Additives", J. Phys. D 40, 4793 (2007).

High Pressure Operation:

Many system issues motivate operating eCOILs at higher pressures to obtain larger
densities of 0 2(A) for a given yield and to provide higher back pressure for supersonic
expansion in the laser cavity. If higher order effects are not important, and parameters such as
energy deposition per molecule are maintained constant, it is expected that absolute 02('A)
production (that is, the total number of 0 2('A) molecules produced) should scale linearly with
pressure, thereby providing additional motivation for higher pressure operation.

In previous work, it was found that the yield of 0 2('A) generally scaled linearly with
energy deposition at low pressures (<10 Torr) until the ground state 02 is depleted. We
computationally investigated radio frequency (rf) discharge excited flowing He/0 2 plasmas using
nonPDPSIM and Global_Kin with the goal of developing scaling laws for 0 2('A) production in
eCOIL systems when operating at higher pressures.

We found that the densities and yields of 02('A) can have significant sub-linear scaling
with pressure. Although yields may decrease with increasing pressure, the absolute densities of
02(A) typically do increase. Although these results depend on the layout of the electrodes and
the aspect ratio of the flow tube more general conclusions can be made. Obtaining high yields of
02('A) will require careful management of the 03 density. Left unchecked, quenching of 02(A)
by the 03 produced at high pressure is a rate limiting step. At higher energy densities and
pressures, quenching by 0 atoms and energy pooling with 0 2(A) may also become important.
This is particularly the case for possible 3-body quenching involving 0 atoms, though the
importance of this reaction can be minimized by managing the density of 0 atoms with additives
such as NO. Pressure scaling also requires management of the gas temperature, as exothermic
recombination reactions rapidly increase. Although the destruction of 03 at higher temperatures
is beneficial, in general an intermediate gas temperature is likely preferred.

Discharge stability must also be managed and this will be highly temperature dependent.
Non-uniform excursions of gas temperature in the plasma zone will likely produce non-uniform
power deposition and constrictions near the electrodes. As such, low aspect ratio, transverse
electrodes allowing for more aggressive gas cooling and more distributed electric fields will
likely be required for high pressure operation

For details, see the Appendix for the reprint: N. Y. Babaeva, R. A. Arakoni and M. J.
Kushner "02(A) Production in High Pressure flowing He/02 Plasmas: Scaling and Quenching",
J. Appl. Phys. 101, 123306 (2007).
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Production of 0 20 A) in flowing plasmas using spiker-sustainer excitation
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In chemical oxygen iodine lasers (COILs), oscillation at 1.315 Am in atomic iodine (2 P112

- 2P3,2) is produced by collisional excitation transfer of O('A) to 12 and I. Plasma production of

O,('A) in electrical COILs (eCOILs) eliminates liquid phase generators. For the flowing plasmas
used for eCOILs (He/0 2, a few to tens of torr), self-sustaining electron temperatures, T,. are
2-3 eV whereas excitation of O,('A) optimizes with T,= 1- 1.5 eV. One method to increase 02(0A)
production is by lowering the average value of T, using spiker-sustainer (SS) excitation where a
high power pulse (spiker) is followed by a lower power period (sustainer). Excess ionization
produced by the spiker enables the sustainer to operate with a lower T, Previous investigations
suggested that SS techniques can significantly raise yields of O,('A). In this paper, we report on the
results from a two-dimensional computational investigation of radio frequency (rf) excited flowing
He/O, plasmas with emphasis on SS excitation. We found that the efficiency of SS methods

generally increase with increasing frequency by producing a higher electron density, lower T, and.
as a consequence, a more efficient production of O,('A). © 2006 American Institute of Physics.

[DOI: 10. 1063/1.2199387]

I. INTRODUCTION in mixtures with rare gas diluents such as He.022 Recently,

positive gain was reported in atomic iodine resulting fromChemical oxygen iodine lasers are being investigated be- ectcdihagpruedO(A.2,o2 owdby1ae

cause of their optical fiber deliverable wavelength eectrati s.-a,6
(1.315 ,.tm), highly scalable continuous wave (cw) power, Much of the development of eCOIL has focused on ci-
and favorable material interaction properties. 1-6 Operation of Miciently generating of(A) by engineering the opcrating
the chemical oxygen iodine laser (COIL) is based on an elec- fien.lygertg0,A)begneigthopaigthe hemcal xygn idinelasr (OIL)is ase on n eec- EIN (electric field/gas number density) of the discharge to be

ironic transition between the spin-orbit levels of the ground c ler t e optim umv e r e cit ig Oisa g to m i

state conigration of the iodine atom I( 2P,)-I(P 312) closer to the optimum value r exciting O( . To axi-
t cmize the fraction of discharge power that is directly dissi-

where the upper level is populated by near resonant energy pated in the electron-iipact excitation of OXA). the clec-
transfer (quantum defect -219 cm-') from O('A) to ground Iron temperature, T, should be near 1.2 eV. which

state 1CP 312). The COIL generates ground state I by disso- corresponds to an EIN of -10 Townsend [I Townsend
ciative excitation transfer from 0 2(A) to I, (Td)= 10- 17 V cm 2]. Self-sustained discharges in He/O,

Typically, 0 2('A) is produced in an external chemical mixtures operate at least a few tens of Td. 27

reactor by a gas-liquid reaction between gaseous chlorine One of the methods to reduce the time averaged electron
and a basic hydrogen peroxide solution 7  producing yields t eper t e i s to eus e i me a na ged ele that

approaching 100% of the oxygen emerging in the 0,('A) temperature is to use a pulsed discharge analogous to that

state. The long lifetime of O(lA) (60 min) and robustness proposed in Refs. 12 and 17. In these devices a short. high
power pulse (.the spiker) is followed by a longer period of

against quenching enables transport over long distances to lower power (the sustainer) before applying another high
the laser cavity. There are many system issues having to do power pulse. The duration of the high power pulse should bc
with weight, safety, and the ability to rapidly modulate the long enough for T, to spike and for the gas to avalanche.
production of the O2('A) which have motivated investiga- producing an electron density in excess of the steady-stae

tions into methods to produce the precursor 02( 'A) using value. The high power pulse should be short enough so that
flowing electric discharges and so produce a purely electrical the discharge does not come into a quasi-steady-stale. it
excited laser (eCOIL)." 9 Recent and ongoing investigations there is sufficient excess ionization during the period of
have shown that substantial yields of O,(XA) can be gener- lower power deposition. there may be an extended period

ated by an appropriately tailored electric discharge. typically where T,. falls below the self-sustaining value. T, which for

He/O, mixtures enables a more efficient production of
)Eleclronic mail: natalic5@iastate.edu O,( A). The duty cycle of the spiker and the length of the

I'Electronic mail: arakoni@uiuc.edu sustainer should be chosen so that the average value of elc-
AuLIhor io whoimi correspondence should be addressed: electronic mail:

mik@iastate.edu tron temperature T, < T,.,,. The optimum length of the sus-
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tainer is then largely determined by the time required for the temperature by solving the electron energy equation for av-
electron density to decrease to its steady-state value, thereby erage energy :.
increasing T, towards T, This method for engineering T, is
often referred to as spiker-sustainer (SS) excitation. =ql',. E - n, NjKf - V. el'- X V ,

In previous work, the scaling of production of O,('A) ,0 , .
was computationally investigated using global-kinetics 9  (4)
one-dimensional. 2

0 and two-dimensional models.2' It was
found that the yield of O,('A) generally scaled linearly with where 3kT,=P . The terms in Eq. (4) are for the contribution
energy deposition for moderate loadings (a few eV/0 2 rnol- from Joule heating. summation of elastic and inelastic impact
ecule) up to 5-8 eV/molecule. Energy deposition beyond processes with heavy neutrals and ions with energy loss K.

those values produced excess dissociation which ultimately and electron heat flux consisting of terms for electron energy
reduced yield. Initial scaling studies of SS excitation meth- flux (r,) and a conduction (,. is the electron thermal con-
ods. discussed in Ref. 20. suggested that under ideal condi- ductivity). The electron transport coefficients and rate coef-
tions. as are represented by global models, 02('A) yields ficients for bulk electrons as a function of T,. are obtained by
approaching 30% might be possible using SS methods. In solving the zero-dimensional Boltzmann's equation for the
this work. we computationally investigate SS methods for electron energy distribution to capture the non-Maxwellian
optimizing O2(A) using a two-dimensional (2D) model that nature of the electron swarm. These values are stored in a
more realistically represents the electrical circuitry, electrode tabular form and interpolated during execution of the code.
losses, uniformity and flow considerations. In particular, we The tables are periodically updated to reflect changes in spe-
investigated capacitively coupled radio frequency (rf) ex- cies densities. These updates are then followed, in a time
cited systems in He/O, mixtures. We found that SS methods splicing manner, with an implicit update of neutral panicle
do hold the potential for increasing O(tA) yields above that densities.
for cw excitation for the same average power, though the The fluid averaged advective velocity v is obtained by
amount of the increases is less than that suggested by the solving a modified form of the compressible Navier-Stokes
global models. equations in which momentum transfer from ion and electron

The model and reaction mechanism are briefly described collisions and acceleration by the electric field arc included
in Sec. II. The results from our investigation are discussed in in the momentum equation. and Joule heating is included in
Sec. Ill where yields and efficiency of 0 2(A) production are the energy equations,
compared for cw and SS excitations for rf carrier frequencies
of 13. 27, and 40 MHz. Optimization of O('A) production -=-V- (pv)+ (inlets, pumps). (5)
using the SS technique is discussed in Sec. IV. Concluding of

remarks are in Sec. V.
= - Vp - V . (pvv) - V . 7 + (qJN, - M,A,S,)E.

II. DESCRIPTION OF THE MODEL at

The model used in this study, nonPDPSIM, is a multi- (6)
fluid 2D hydrodynamics simulation in which transport equa-
tions for all charged and neutral species and Poisson's equa- (PxT- - V(- K V T+ pvc T) + j, . E - R,AH i

tion are integrated as a function of time. nonPDPSIM is at p
described in detail in Ref. 28. Poisson's equation [Eq. (1)].
transport equations for conservation of the charged species + P V • V. (7)
[Eq. (2)]. and the surface charge balance equation [Eq. (3)] Here p is the total mass density, p is the thermodynamic
are simultaneously integrated using a Newton iteration tech-i ousy pressure. T is the viscosity tensor, cp is the heat capacity, K is
nique. the species averaged thermal conductivity. u is the mobility.

- V. , V (1) = Njqj + p, (I) and M the molecular weight. The subscripts j are for sum-
mations over species. AHi is the change in enthalpy due to
reaction i having total rate R,. The reactions include Frank-

)N, =_ . r + SJ. (2) Condon heating from electron-impact dissociation of mol-
,dt ecules as well as conventional chemical reactions. The sums

(other than for reactions) are over all charged and neutral
-? q)-species. The contributions to momentum from charged par-

E, o (- V. I + S ) - , vq)]. (3) ticies include those of electrons. The contributions to thedt
energy equation from Joule heating include contributions

Here Eo. e,. (1, p., Ni, Fj. o', SJ. and qi arc the permittivity of from ions. The heat transfer from electrons is included as a
free space. dielectric constant, electric potential. surface collisional change in enthalpy. The relationship among pres-
charge density. conductivity of solid materials, sources. and sure. density. and temperature is given by the ideal-gas law.
charge, respectively. The subscripts j denote gas-phase spe- The contributions to momentum due to charged particle
cies. Updates of the charged particle densities and electric transport assume that the collision frequencies with electrons
potential are followed by an implicit update of the electron and ions are large compared to the time rate of change in the
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electric field, and so there is little momentum that is instan- mechanism is through collisions with 0 atoms,
taneously stored in the charged particles.29  + O2(lA) - 0, + O. (19)

The reaction mechanism for He/O, plasmas used here is
essentially the same as that described in Refs. 19-21, and At this point energy pooling and quenching reactions with
involves reactions in the gas-phase discharge and afterglow O(tA) and 0. also begin to reduce 02(A') yields, though
as well as recombination and quenching reactions on the not significantly for our conditions. The rate of quenching
discharge tube walls. The species in the model are ground 0 2(A) by collisions with the walls is uncertain due to the
state neutrals 02, 0, 03, and He; vibrationally excited 0(v) variability of the quenching probability with temperature and
(representing the total vibrational population consisting of conditions of the wall. Based on estimates for similar condi-
the first four vibrational levels of 02); electronic states tions, we have assigned a wall quenching coefficient of 10-5.

0,('A), 0,(1), 0(tD). 0(0S), and He( 2S); and ions 0,+ which is insignificant for typical eCOIL conditions.
0 0-, . 03-, and He+. The effective yield of 0,('A) is defined as the ratio of

The states of primary interest, the precursors to the the combined 0,('A) and 0,(t) densities to the sum of the
eCOIL. are 0 2 (tA) (0.97 eV) and 0 2(,1) (1.6 eV). which densities of all oxygen-containing species on a molecular 0,
are dominantly produced in the discharge region by direct basis.
electron impact with the ground state, [0(A) + 0_(

e + [2 (OA) + e, (8) Y
4021 + [0 2QA)j + [0,( '1)] + 0.5[O] + 1.5[O3] "

e + 0 2(1 ) + e. (9) (2()

Production of 0,("v) generally also results in generation of This choice of yield was made with the prior knowledge that

0 2('A) through rapid collisional quenching reactions with the majority of 0 ,(t1) is quenched directly to 04(A). As
such, Eq. (20) is the most relevant for the best case energy

atomic oxygen 0. The atomic oxygen is dominantly pro- sch.
duced by electron-impact dissociation of 02, scaling.

e+O2-*O+O+e. (10) III. CONTINUOUS WAVE AND SPIKER-SUSTAINER

EXCITATIONS0 + (IS) --* O O2(A).(I 1)

A schematic of the idealized eCOIL device we modeled
Note that the O2(tX) and 2(tIA) states have radiative life- is shown in Fig. 1. A He/,=70/30 mixture is flowed
times of 12 s and approximately I h. These states are only through a quartz tube 60 cm in length and 6 cm in diameter
nominally quenched by collisions with species other than at 3 T A rf d i ee

electrons for the conditions of interest although at higher ring electrodes 2 cm wide with centers separated by 13 cm.

pressures quenching of O2('A) by 03 becomes important. The electrodes are powered up to a few hundred watts at
These electron collisions are. in order of importance. super- 13.56, 27. or 40 MHz. The flow rate of 6 ]pm corresponds to
elastic relaxation, dissociative excitation, and ionization. an average axial inlet speed of 985 cm/s. Our investigations
Other channels for 02(11) production (although less impor- were limited to the region of the reactor prior to supersonic
tant for the conditions of interest) are through production and expansion and injection of 12. The numerical grid uses an
quenching of O('D), unstructured, cylindrically symmetric mesh with triangular

e + 0-, -- 0(D) + 0 + e, (12) elements. The wall temperature was held fixed at 3(X) K as-
suming active water-jacket cooling (not included in the

e+0 --) 0('D) +e, (13) mesh).

0('D) + 02 - 0 + 02('1). (14) A. Continuous wave excitation

The generation of 02 (11) in these reactions is then followed As a point of departure and to provide a basis of corn-
by quenching by 0 to O2 (A). As the density of 02 ('A) parison. 0,('A) production in a flowing afterglow using cw
increases to the many percent level, losses to upper elec- rf capacitive excitation will be discussed. The base case op-
tronic states, superelastic deexcitation to the ground state, crating conditions are He/O,=70/30, 3 Torr. now rate of
and dissociation begin to become important. 6 1pm, inlet gas temperature of 300 K. and power deposition

e + 0()'A)- O,(1) + e. (15) of 40 W with a rf of 13.56 MHz.
Power deposition. electron temperature (T,). and elec-

e+0,( ')-- O,+e. (16) tron density (n,) for the base case are shown in Fig. 2(a).
Values are shown averaged over the rf cycle. Power deposi-

e + 0(A) - 0+t0 + e. (17) ion is peaked just off axis with a maximum of 0.2 W/cm 3.

The peak value of Te of 2.9 eV is near the upstream electrode
(18) where the electron density is low. T, drops to 2.2 eV where

the electron density is maximum at about 9.8 X 109 cm- 3 and

The 0,(tA) then persists far into the afterglow due to its long where the majority of the 02 (4A) is produced. The region of
radiative lifetime, where the most significant quenching elevated 7' extends significantly beyond the rf electrodes
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1,-13 cm- 1 Power(0.2w cm(2dec)) 13 MHz 40W CW

N-Ring Electrodes7 '
6 cm Inlet T. (2.9 eV)

(a) lte (9.8 x 10' cm" (3 dec))
0 nlet (a) I

T,(333K) 13MHz 40W CW

0, (3.0 it 10* cm4)

E 4

0,(1 2.8 x 10" cm-)

0, ('A) (1.3 x10 5 cm')i

20 (b)

MIN AM, -T MAX

FIG. 2. (Color) Plasma properties and species densities for the base case
conditions (He/0 2 =70/30. 3 Torr. 6 lpm. 40 W) when using cw excitation
at 13.56 MHz. (a) Power deposition. electron temperature, and electron den-

0 sities: and (b) gas temperature and densities of 0, 0. 0,('E). and 0,0A).
0 5 10 15 All values are averaged over one if period. The flow is from the right. The

(b) Radius (cm) scales are linear with zero minimum values with the exception of T, unless
the number of decades (i.e., "'decs") is indicated for log plots. The maximum

FIG. I. Schematic of the cylindrical discharge tube. (a) Close-up showing value is indicated in each figure. Depletion in ground state 0, is due to gas
ring electrodes and (b) complete computational domain showing the numeri- heating by the localized power deposition. 0,('A) maximizes downstream
cal mesh. The flow enters uniformly from the right (or top) where pressure. in part due to quenching of 02(E).
speed, and temperature are specified. The walls are held at constant tem-
perature and mass flux is conserved at the outlet. Boundary conditions for
solution of Poisson's equation require the extension of computational do- plasma where Ihe ion density is largest. Thertal conduction
main beyond the tube, and heat transfer at the walls shift the peak in T, to the center

of the tube. The gas returns to near ambient values at the

exit.
(upstream and downstream) due to the large electron thermal Dissociation and excitation processes contribute to
conductivity and gas flow which entrains ions through their depletion of ground state 0 in addition to that due to rar-

large momentum transfer. Although the electrons transfer efaction by gas heating. Electron-impact dissociation pro-
little momentum to or from the gas, the electrons are pulled duces about 6% of the depletion with an additional 5% corn-
by the ions in the downstream direction through the ambipo- ing from electron-impact excitation to 0,('A) and 0 ("-v).

lar electric field. The electron density is as large as 109 cm - 3. The density of 0 atoms peaks 26 cm downstream. decreas-

a few centimeters ahead of the upstream electrode due to ing thereafter due to recombination on the walls, and three-
thermal conduction and diffusion of electrons against the ad- body association reactions in the gas phase to form 02 and
vective flow and some local ionization. The steep rise in 03. The density of 0,( 1X) peaks in the plastna zone where

electron density at this point marks the front end of the re- production is largest. As the density of 0 atoms increases.
active plasma zone. The same action occurs on the down- O(t1X) is rapidly quenched to 0,(tA) by collisions with 0
stream side of the discharge. With diffusion now in the di- atoms in the flow direction after the discharge. After the
rection of the advective flow, the length of the afterglow is 0 2 (1) is converted to 0 2 ('A). the density of 0,('A) only

extended. The downstream extension of the plasma zone is moderately decreases along the tube due to quenching. Ex-
aided by rarefaction of the gas downstream of the electrodes cited states of 0? and atomic 0 also extend 5- Id cm up-
that provides for more rapid charge particle diffusion, and stream of the electrodes, a consequence of the plasma ex-
dissociation of 02 that reduces the rate of loss of electrons by tending upstream and back diffusion against the flow.
dissociative attachment. The combined yields of 0,('A) and 0,('") on axis for

Gas temperature. T. and densities of 0?, 0. 0 2 (t) and cw excitation are shown in Fig. 3 for different powers but for
02(tA) are shown in Fig. 2(b) for the base case. Tg increases otherwise the base case conditions. The yield is maximum at
by 33 K above ambient by Joule and Frank-Condon heating, the edge of the plasma zone near the downstream electrode.

The peak in the gas temperature is shifted downstream by the The yield is nearly constant thereafter, only slowly decreas-
gas flow. Heating occurs primarily near the electrodes where ing due to heavy particle quenching. Yields increase linearly

the electric field is largest (see the local peak in T., near the with lower power deposition and begin to saturate at high
upstream electrode) and secondarily off axis in the bulk powers. This is due to increased power losses to the elec-
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13 MHz CW Electrodes 300
0.20 13 MHz

380W - Flow 40W

0.15 150 W 200

- 120 W010. 0
0 80 W '- 100

0.05 -40W0w 20W 0,

0.00 5 E(a) 2.5 5:0 7.5 10.0 12.5 15.0
0 10 20 30 40 50 60 Time (ps)

Axial Position (cm)

FIG. 3. Combined yield of O2(A) and O2(1) along the axis of the tube 3.5 13 MHz-
(He/O,=70/30. 3 Torr. 6 Ipm) at 13.56 MHz for different powers. The 40W
flow is from the right. Maximum yields occur within the range of the elec- 3.0
trodes. Yields sale linearly with lower power deposition and begin to satu-
rate at high powers. 2.5

12 ...... Steady State
............................... .. ... ... ... .. ... teay.Sat

trodes, principally ion acceleration, typical for capacitive dis- 2.0
charges. For example, for 40 W (specific energy deposition
of 0.31 eV/O,), the yield is about 4.5% at the exit of the 1.5
tube or an efficiency of 0.15 O(1A) molecules/cV of energy
deposition. For 340 W (specific energy deposition of (b) 2.5 5.0 7.5 10.0 12.5 15.0

2.95 eV/O 2), the yield is 19.5% at the end of the plasma

zone and 18% at the exit of the tube. an efficiency of 0.04 ,

02( tA) molecules/eV. 2.0 MH

B. Spiker-sustainer excitation E

cw self-sustained discharges require that the sources of oz_- 1.5
ionization and charged particle loss be equal. For moderate __

pressure mixtures of He/ 2 . this translates into a balance
between electron-impact ionization and electron loss by dis- Steady State

sociative attachment to 02 which requires T,= 2 - 3 eV. Un- 1 - _--------------------------

fortunately, the value of T, at which power dissipation into (C) 5.0 7.5 10.0 12.5 15.0Time (ITs)
excitation of 02( t A) and O2(t) is maximum is about
I - 1.5 eV. This value is largely independent of gas mixtures FIG. 4. Plasma properties when the He/0 2 gas mixture at 3 TOIT is cC1i1d

as it is detenrined by the values of the excitation cross sec- by a single spiker pulse. (a) Power deposition. (b) electron density, and tc)

tions. As such, significant efforts have been expended in us- electron temperature. The excess electron density produced by the spikei
enables the electron temperature to decrease to a more optimum value for

ing gas additives to lower the EIN of the discharge so that T, excitation of O(1). After the pulse the steady-state level is regained after

is 1 - 1.5 eV. In most cases, these values are inaccessible to 15-20 gs.
self-sustained electric discharges. In SS systems for eCOIL
applications, the discharge parameters are selected so that a
significant fraction of the power deposition occurs at T, be- vantage of this approach is the added complication and ex-

low self-sustaining so that the rates of direct electron-impact pense of the electron beam hardware. EBSD production of

excitation of 0,('A) and 0 2(,) are maximized. O2(tA) was investigated by lonin et al. 13

Lowering the time averaged Te to match the cross sec- The SS technique attempts to achieve the same ends as

tions of desired excited states is a well known strategy. For the EBSD while using, in principle, a single discharge appa-

example, externally sustained electric discharges, such as ratus. Using the SS technique, the excess ionization provided

electron beam sustained discharges (EBSDs). have lonf been by the spiker enables the EIN and T, during the sustaincr

used to excite CO, lasers in He/N,/CO, mixtures. The period, for a given time averaged power deposition. to be

self-sustaining EIN and T,, of these mixtures typically ex- below self-sustaining similar to the EBSD. The excess ion-

ceed that which optimizes excitation into the upper laser ization in the SS technique is provided in situ and, unlike the

level, either by direct electron-impact vibrational excitation EBSD. is transient. That is. the discharge will eventually

of CO 2 or through excitation transfer from N 2(v= I). The recover to a steady. self-sustaining state having a larger T,.

external ionization provided by the electron beam enables The SS method we are investigating consists of pulsed

the EIN provided by the discharge. for a given power depo- modulated rf excitation: a series of high power rf pulses fol-

sition. to be below the self-sustaining value and be a better lowed by a period of lower power rf excitation. As a point of

match to vibrational excitation of CO, and N. The disad- departure. plasma properties during a single spiker pulse Iol-
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Power (0.24 W/cm2 dec)) 13 MHz 40W S-S

60T (2.7 ev)

M2 0 9)(2 x I Oto cm 3 (3 dec))

> (a)

-600 T(408K) 13MHz 40W S-S

(a) 6.5 7.0 7.5 8.0 8.5 9.0 0, (3.0x10"cm-)
Time (Is)

I I P0 (1.3 x 10 cff
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FIG. 6. (Color) Plasma properties and species densities for the base case
.0 conditions (He/O-,=7o30.3 Torr, 6 1pm. 40 W) when using SS excitation

(b) 6.5 7.0 7.5 8.0 8.5 9.0 at 13.56 MHz with a duty cycle of 20%. (a) Power deposition, electron
Time (is) temperature, and electron density; and (b) gas temperature and densities of

02., . 0,(1). and 0,(A). All values are averaged over one SS period.FIG 5. Typical values of (a) voltage, and (b) power for SS excitation with Labeling is the same as in Fig. 2. The flow is from the right. With SS

I MHz repetition rate. The carrier frequency is 27 MHz. The V55tV,. ratio excitation the electron temperature is lower and maximum electron density
is 5/2. Power is 120 W when averaged over a SS period (I ps). higher compared with cw excitation.

lowed by a long sustainer period will be described. Using the 0 ,(' A). Power is averaged over the full SS period of I As
base case conditions, the discharge, which is first operated in and the voltages Vss and V, are adjusted to maintain the
a steady state at 40 W. is then excited by a single short high total time averaged power deposition at the specified value.
power pulse of 270 W of duration of 200 ns and is then Typically up to 15-20 (15-20 As) of SS periods were
followed by a (sustainer) period of 40 W. The resulting simulated in order for the system to come into a pulse-
power. and n, and T, on axis midway between the electrodes periodic steady state. For the results in Fig. 5 (time averaged
(approximately at the peak plasma density) are shown in Fig. power of 120 W) the power during the spiker reaches 320 W
4 as a function of time. The spiker pulse avalanches tt to with a peak Vss=900 V resulting in the power during the
values as high as 2.1 X 10 w( cm - 3 above the steady-state sustainer being approximately 90 W with Vw,=360 V.
valuie of n,=- 1. 1 X 10) Cm-3. As recombination and attach- Time averaged plasma properties and species densities
ment consume the excess ionization. n, decreases towards for the base case conditions when using SS (duty cycle 20%.

n, over a period of 15-20 Ais. The quasi-steady-state elec-
tron temperature is T,,=2.1 eV. T, increases duing the VssIV, =5/2, I MHz repetition rate, and 13.56 MHz carrier

frequency) are shown in Fig. 6 for 40 W average power.
spiker to avalanche the gas, thereby creating excess ioniza- Values have been averaged over the entire I s SS period.

tion and then decreases below T,, after the spiker pulse ter- ( alese es toeig. or cw extio. Wth SS
minates. As long as n, is above n,,, then Te is below T, (Compare these results to Fig. 2 for cw excitation.) With SS
faint. as long as 1.6V. s boe elec,ten deis y el s , excitation, the time averaged T, is lower in the volume where
falling to as low as 1.6 eV. As the electron density decays

towards n, then T,, increases towards T., These lower val- the electron density ts maximum while the fitne averaged n,

ues of T, coupled with the excess ionization, have the po- is larger. With SS excitation, the time averaged Te= 1.7 eV

tential to increase the production of OX(A). where n, is maximum whereas with cw excitation. Te

Typical voltage and power wave forms for a discharge =2.2 eV. The T, remains near its cw value adjacent to the

operating in a SS mode for a time averaged power of 120 W electrodes where sheath heating dominates. The time aver-

are shown in Fig. 5. The conditions are otherwise the same aged maximum value of n, increases from 9.8 X 109 cin with

as the base case. Excess ionization is provided by means of a cw excitation to 2 X 10"' cm - 3 with SS excitation. The de-

high voltage spiker pulse (Vss) of 200 ns duration repeated crease in T, and increase in n, are both favorable for more

at I MHz at the carrier frequency of 27 MHz yielding a duty efficient O,('A) production. The relative spatial distributions

cycle of 20%. In between the spiker pulses, the plasma is of species densities [0. 0 . O('A). and 0(t:)] do not sig-

sustained by a cw rf voltage (V,.). The choices of Vss/V, nificantly differ from the cw case. The exception is the spa-

=5/2 and the triangular spiker pulse shape are somewhat tial distribution of ' that has more localized heating at the

arbitrary and have not been optimized for maximum yield of electrodes.
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FIG. 7. Oxygen atomic and molecular densities (a) and gas temperature (b) Power (W)

along the axis for the base case conditions (He/O 2 =70/30. 3 Torr, 6 Ipm.
40 W) when using cw (dolled line) and SS (solid line) excitations. The flow FIG. 8. Plasma parameters as a function of power for cw and SS excitations.

is from the right. The degree of dissociation decreases and O('A) produc- (a) Electron temperature and (b) peak electron density. The electron ten-

lion increases with SS excitation. perature is measured at the location of peak electron density. The valucs are
averaged over a SS period of I us.

Time averaged species densities and gas temperature on

the axis of the tube are compared for cw and SS excitations charge. The larger excited state densities enable a larger rate

in Fig. 7. With SS excitation, the lower value of T, results in of multistep ionization which also allows for a smaller value

less electron-impact dissociation of 02, producing a smaller of T,.

density of 0 atoms, while increasing the rate of excitation Atomic oxygen and 0,('A) densities on axis for 40 and

0 2(A). The contribution of quenching of O,( t X) to produc- 120 W are shown in Fig. 9. The exit density of 0 2 ('A) in-

tion of 0.(A) by collisions with 0 atoms is about 20%. This creases with SS compared to cw excitation whereas the 0

quenching is somewhat more rapid in the cw case due to the atom density decreases. The location of the maximum 0

larger density of 0 atoms. The production of 03 is also larger atom density progressively moves downstream with increas-

in the cw case due to the larger production of 0 atoms, as ing power due in large part to the increasing gas temperature,

shown in Fig. 7(b). The peak gas temperature is 400 K with rarefaction. and extension of the plasma zone.

SS excitation, whereas with cw excitation the peak T, is only The combined yields of 0 2( t A) and 02("-) along the

about 333 K. This is counterintuitive as the smaller amount axis and at the exit of the tube for cw and SS excitations for

of Frank-Condon heating due to there being less dissociation different powers are shown in Fig. 10. The efficiency of pro-
with SS excitation should produce a lower T,. The larger dUction of 02(tA). molecule,leV of energy deposition, is

time averaged value of n, and lower value T, obtained withSS ecittio prduc moe vbratonaly xcied , tat in- also shown. For these discharge parameters, yields are typi-

cally higher for SS excitation for low powers and converge at

dergoes V-T relaxation and more charge exchange heating. higher powers (150 W). For example, at low power (20 W)

As a result, T. increases with SS excitation.

The time averaged ne and T, at the location of the maxi- en e d oition reuie to produc one a

mum electron density are shown in Fig. 8 as a function of ecule is 7.3 eV for cw and 5.6 eV for SS excitation. netting a

power for cw and SS excitations. For powers between 10 and 30% improvement in O2 ( tA) yield. This improvement in

150 W. T, is approximately 0.5 eV lower with SS excitation yield diminishes as the total power is increased until, for

compared to cw excitation, while the electron density is ap- these conditions, the advantage of SS excitation is lost for a

proximately a factor of 2 larger. Note that with increases in power of 120 W. The decrease in improvement using the SS

power. T, decreases for both cw and SS excitations. This is likely the natural decrease in Te that occurs when increas-

results from the larger degree of dissociation of 02 and larger ing power with cw excitation, as shown in Fig. 8. As T,,

density of excited states. The larger dissociation of 02 results decreases towards I eV, the improvement in efficiency of

in there being less dissociative attachment and fewer electron exciting 02('A) obtained by lowering T,, another 0.5 eV with

losses, and so a smaller T, is required to sustain the dis- SS excitation is diminished.
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FIG. 9. Atomic oxyger and O2(') along the axis for 40 and 120 W. (a) cw >
and (b) SS. The flow is front the right. Dissociation of 0, is significantly -S
suppressed with SS excitation.

6O 0.16

The choice of carrier frequency is important due to the

dependence of ionization rate and T, on frequency. For ex- CW

ample, the combined yields of 0 2('A) and O(11) along the
axis, exit yield, and efficiency for a carrier frequency of 0.12
27 MHz using cw and SS excitations are shown in Fig. !I 0 25 50 75 100 125
for different poweis. As with 13.56 MHz, yields are typically (C) Power(W)

higher for SS compared to cw excitation at low powers. The FIG. 10. Plasma parameters as a function of power for cw and SS cxcita-

efficiency obtained with two methods also converges at high lions at 13.56 MHz. (He/O,=70/30. 3 Ton-. 6 Ipm). (a) Combined yield ol

powers. At 20 W. the energy deposition required to produce 02('A) and O('1) along the axis for flow from the right. (b) combined
yields at the outlet of the tube, and (c) efficiency of O,('A) production.

an 02(1A) molecule with SS excitation decreases to 4.6 eV Yields are typically higher for SS regime for low power but approach cw
at 27 MHz. This enables a 42% improvement in efficiency excitation at high powers.

compared to cw excitation, while at 13.56 MHz, the im-
provement is 30% for the same conditions.

O('A) production efficiency increases with increasing duction] with SS excitation, the decrease in 02 density that

carrier frequency with cw excitation as well. For example, results from electron-impact dissociation with increasing

0,('A) production efficiency as a function of power with cw power serves to lower the fractional power expended in

excitation for 13.56 and 27 MHz is shown in Fig. 12(a). The 0 2(A) excitation.

efficiency is larger at 27 MHz for powers up to 150 W. At The scaling of yield with carrier frequency depends on
both frequencies. -fficiency first increases with power and the method of excitation, as shown in Fig. 13(a). When in-
then saturates. The increase with power results from the de- creasing frequency, T, generally decreases due to the more
crease in T, (more dissociation of 0, and less dissociative efficient electron ionization and reduction in power loss to
attachment) that enables better matching with cross section ion acceleration that occurs at higher frequencies. as shown
for excitation of 0,( 'A). This advantage is offset by the dis- in Fig. 13(b). With cw excitation, the decrease of T, with
sociation of 0, anJ rarefaction that occurs at higher power. increasing frequency up to 40 MHz brings T, closer to the
Although increasing frequency also increases the efficiency optimum range of 1- 1.5 eV. As a result, the yield of O (A)
of excitation with SS excitation, the trend with power is op- monotonically increases attaining a maximum at about
posite to that witll cw excitation, as shown in Fig. 12(b). 33 MHz. With SS excitation. T, is lower than with cw power
Since T,. is alread) low [and near optimum for 02(iA) pro- and near the optimum value at 27 MHz. Increasing fre-
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Electrodes 0.18
' ' , 'CW

S0.15 -5 '27 MHz+v---.-.

- - 120w. -cw . - ,-..\ \0.16
O0.10:.-150W O 112 "" .... CW --- 3-M--I --- ---

0 . ............ CW ............ .... 00. 13 MHz~-
+t ._ _ - S S 

< 0.14 - )1
I 0.12

0.00 20 0.120 25 50 75 100 12 150
10 20 30 40 50 (a) Power (W)(a) Axial Position (cm)

0.15 0.22 .S-S

A? 0.20

SS

1 c 60.18 - 27 MHz

6+ 13 MHz

0.16
if 0*

0.05 # 27 MHz 0.14
0 25 50 75 100 125 150

(b) 50 75 100 125 150 (b) Power (W)Power (W)
FIG. 12. Comparison of efficiency of O,0A) production for 13.56 kand

0.24 , 27 MHz with (a) cw and (b) SS excitations. Using higher carrier frequencies

27 MHz is favorable for both cw and SS excitations.

0.20
0 0.07

SS-S 40 W

0 0.16- >.... .-4 -c
-0.06 -

50 7 100 125 150 O
(C) Power (W) +

FIG. 11. Plasma parameters as a function of power for cw and SS excita- 0 - CW

tions at 27 MHz. (He/C)=7t30, 3 Ton', 6 Ipm). (a) Combined yield of
0 2('A) and 02('1) along the axis for flow from the right, (b) combined 0.04,
yields at the outlet of the tube, and (c) efficiency of O('A) production. 10 20 30 40

(a) Frequency (MHz)

quency from 13.56 to 27 MHz decreases T, into the opti- 2.5
mum range producing an increase in yield. Further increases 40 W
in frequency decrease T, to being below optimum for 0 2 (A) 2.0 -cw
production and so yield decreases.

IV. OPTIMIZING SS EXCITATION OptimumT S-
l* 1.0.................................... .... .....

Optimizing O(tA) yield using SS excitation depends
upon the plasma d ynamics that result from the details of the 0.5
pulse shape. as shown in Fig. 14(a). These characteristics

include the carrier frequency, duty cycle (fraction of the SS 00 20 30 40

cycle for the spik!r), SS frequency (time between spiker (b) Frequency (MHz)
pulses), spiker pulse shape. and value of VsslV ,. For ex-
aples, copie yls shape. fndti of 1ssV, re x howFIG. 13. Plasma parameters as a function of rf for cw and SS excitations. 1)

Combined yield at the end of the tube and (b) electron tempcrature. Electron
Fig. 14(b). Maximum yields are obtained for Vss/ Vow temperatures generally decrease with increasing carrier frequency and may

=2.5-3. Vss/Vc= I corresponds to cw excitation. As become loo low for optimum O( 'A) production.
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900' Spiker 20% not optimum. VSSIV,, should be large enough to produce
...... 'sufficient excess ionization to last through the sustainer pe-

600- riod. but small enough that the majority of the power is dis-
0 >sipated during the sustainer when 7- is low.

M 0] >Combined yields as a function of spiker pulse length
(duty cycle) for 10 and 27 MHz canicr frequencies are

u-300 aer 80% shown in Fig. 14(c) for a total SS period of I jus. Maximum
-600TalPi yields are obtained for duty cycles of 10%-20% depending: Total Period

-900______ _ .. on carrier frequency. The ideal situation would be a delta-
5.5 6.0 6.5 7.0 function spiker that produces a large electron temperature.

(a) Time (iLs) efficiently creating large amounts of excess ionization and
0.07 depositing little energy. The reality is that a finite time. even

for large electron temperatures, is required to produce the
excess ionization. For these conditions, that finite time is

.LD 100-200 ns. There are practical limitations for the length of
0.06 - the spiker since at least a rf cycle or two are required during

,r the spiker. At 27 MHz and 20% duty cycle, there are five rf
+ periods during the spiker, whereas at 10 MHz and 10%
" 0.05 spiker duty cycle, there is only one rf period during the

o Total Period lps spiker. At the other extreme, as the duty cycle approaches
Spiker 0.2 ls unity SS excitation appears to be cw excitation as quasi-

1 2 3 4 steady-state conditions are obtained during the spiker. Yield
(b) Spiker/Sustainer Voltage therefore decreases and approaches the cw value.

0.07 1 1 Increasing the sustainer pulse length from small values
40 W (<1 is) increases 0,(1A) production. For these conditions,

Total Period Ills 0 2(1A) yield optimizes for a sustainer pulse length of 1.8 us.
>- 0.06 as shown in Fig. 14(d). The longer sustainer pulse enables a

longer period of operating at low T,. While keeping the total
27 MHz power constant, extending the sutstainer reduces the amount

+r 0.05 of power dissipated during the spiker and so reduces the
1 MHz amount of excess ionization. With sufficient ionization dur-

0.04. ing the spiker, the optimum sustainer length should approach

the 10- 15 js typically required for the plasma to recover to
(C) 0.0 0.2 0.4 0.6 0.8 1.0 a steady state.

Spiker Pulse Length (iLs) Based on these and other scaling studies we lind that
O('A) production optimizes using SS techniques for the Iol-

40 W lowing conditions.
0.07 Spiker 0.2 pts

Z Operate with a high catTier frequency to lower Te and
increase proportion of power dissipated by electrons.

. The spiker pulse length should be as short as possible
0.06 while still providing sufficient excess ionization to last

through the entire sustainer period.
" The spiker voltage should not elevate the electron tcm-

_ 0.05 perature above that required for rapid ionization.

-- •The sustainer pulse length should be long enough that
(d) 0.0 0.5 1.0 1.5 2.0 2.5 the majority of power is dissipated during the sustainerSustainer Pulse Length (ps)

but not so long that the plasma fully recovers to its cw
FIG. 14. Optimization of O.01) production with SS excitation. (a) Voltage conditions.
wave form for a duty cycle of 20%. Combined yield as a function of (b) the
ratio of spiker to sustairer voltage, (c) duty cycle for SS excitation at 10 and
27 MHz carrier frequeicies. and (d) sustainer pulse length. Increasing the
duty cycle generally decreases yield as the discharge appears to operate in a V. CONCLUDING REMARKS
cw mode.

The consequences of spiker-sustain excitation on yield
Vssl V., increases 'rom one, the amount of excess ionization of O,('A) in flowing He/0 2 plasmas were investigated with
increases, thereby enabling a lower value of T, during the 2D plasma hydrodynamics model. SS techniques generally
sustainer. When keeping the total power constant, as Vssl Vc, do lower the time averaged T, compared to cw excitation and
increases a larger iraction of the power is expended during so improve the efficiency of excitation and yield for 04W.I)
the avalanche when T,, is large and the efficiency of exciting This advantage to SS excitation is diminished at higher pow-
OtA) is low. Therefore, very large values of Vss/V,w are ers where T,, is naturally lower for cw excitation. Lower duty
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Abstract
The 1.315 Itm [1(2p 1 /2) _- I(2P3/ 2)] transition of atomic iodine in the
chemical oxygen-iodine laser (COIL) is pumped by sequential reactions of
12 and I with 02(1 A). In electrically pumped systems (eCOILs), electron
impact excitation of 02 produces the 02(1 A) and also produces 0 atoms
through dissociative excitation. The 0 atoms, through reactions with 12,
I(2P, /

2) and I(2P3/ 2), lead to dissociation of 12, quenching of the upper laser
level and rc moval of the lower laser level. While dissociating 12 is
potentially beneficial, quenching of the upper laser level is detrimental and
so management of the 0 atom density is necessary to maximize laser gain.
In this regard, NO and NO2 additives have been used to manage the 0 atom
density by cyclically reacting with 0 and I. In this paper, results from a
computational investigation of eCOIL systems using plug flow and
two-dimen;ional models are discussed where NO and NO 2 additives are
used. The ,ystem is a flowing plasma sustained in He/02/NO mixtures with

downstream injection of NO 2 followed by injection of 12. We found that
addition of NO and NO 2 is effective in managing the density of 0 atoms and
maximizing gain by minimizing quenching of the upper laser level. We

found that by optimizing the additives, laser gain can be maximized even
though 02(1 A) densities may be lower due to the management of quenching
and dissociation reactions.

1. Introduction required to maximize the gain. In conventional COILs liquid-
phase chemistries (reactions between basic H2 0 2 and Cl2 )

Chemical oKygen-iodine lasers (COIL) operating on the produce the 02(1 A) with high yields [41, although the use
1.315,um [I(2PI/2) _ 1(2 P3/ 2 )] transition of atomic iodine are of liquid peroxides and Cl2 gas to produce the 02(1 A) creates

being investigated due to their high efficiency and potential challenges for storage and transport. Recently, efforts have

for multi-kilowatt CW operation [1-3]. A series of collisional focused on generating the 02(1 A) in electrical discharges

transfer reacions between 02(1 A), 12 and ground state I( 2P3/ 2) (eCOILs) due to the increased robustness and safety of the

(to be referred to as I) result in excitation of the upper all gas-phase system [I-10]. Laser gain and oscillation have

laser level 1(2 p1/2 ) (to be referred to as V). Typically been demonstrated in eCOILs by Hicks et al II ] and Verdeyen

0 2 (1A) is generated upstream of the laser cavity. 12 is etal [3].
injected immediately prior to the cavity upon which the flow A challenge in eCOILs is to produce sufficiently high

is supersonically expanded to lower the gas temperature as yields of 02(1 A), and hence laser gain, to enable the laser

3 Author to whom any correspondence should be addressed, transition to be saturated and produce high power [5]. In
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this regard, recent research has focused on tailoring the The inlet NO mole fraction also typically increased the extent

discharge parameters [6, 7, 10] and using additives such of the region over which positive laser gain could be achieved.
as CO, H 2, D 2 [8] and NO [9] to improve the excitation This can be particularly useful in high speed flows where

efficiency of 02(l A). NO and NO 2 are also used as additives mixing lengths are longer. Injection of NO2 in the post-
to control the post-discharge chemistry [9]. In fact, all discharge flow can help in rapidly scavenging 0 atoms in two
demonstrations of laser gain and oscillation to date have body reactions (as compared with scavenging by NO which

used flowing plasmas in He/0 2 mixtures with NO as an proceeds by a 3-body mechanism). In general, addition of

additive. NO2 in the post-discharge region improves laser gain [9]. The

eCOILs differ from conventional COILs in that atomic downside to NO2 injection is a rise in gas temperature due to

oxygen is also produced in the electric discharge by electron the exothermicity of the reactions between NO2 and 0.

impact dissociation of 02. The 0 atoms flow downstream The models used in this investigation are described in
where 3-boly reactions produce 03 and the remaining 0 section 2 followed by a discussion of the reaction mechanism
atoms may react with the injected 12. Beneficial reactions of in sections 3. In section 4 the consequences of NO flowing
O with 12 produce I atoms, thereby eliminating the expense through the discharge and its influence on downstream kinetics
of 02(1 A) molecules for initiating the dissociating reactions. when 12 is injected are described. In section 5, the post-
Detrimental reactions involving 0 atoms include quenching discharge kinetics with NO2 addition upstream of 12 injection
of I* by 0 which reduces gain. As such, management of are discussed. Our concluding remarks are in section 6.
the 0 atom density is important to optimize these opposing
effects. 2. Description of models

Injection of NO or NO2 through or downstream of the
discharge in eCOIL systems has two goals; improving the This investigation was conducted using a plug flow model.
efficiency of direct production of 02( A) in the discharge GlobalKIN, and a 2D plasma hydrodynamics model,
by electron impact and management of the 0 atom density nonPDPSIM. GlobalKIN has been previously described in
downstream of the plasma. Including NO in the gas stream [ 11, 14] and so will only be briefly discussed here. GlobalKIN
flowing through the discharge has, in part, the goal of consists of a volume averaged plasma chemistry module
improving production of 02(l A). NO, having a lower and an electron energy transport module. The plasma
ionization potential (9.26 eV) than either 02 or He, is likely to chemistry module provides the time rate of change of species
provide more rapid ionization with the possibility of lowering densities based on gas-phase chemistry and surface reactions.
the operating E/N (electric field/gas number density) and Electron temperature, T, and average gas temperature, T,
electron temperature, T. Lowering T, from the values are also solved for by integrating their respective conservation
typical of self-sustained He/0 2 mixtures is advantageous in equations. The electron energy transport module consists
more efficieitly producing 02(0 A) by direct electron impact of a solution of Boltzmann's equation for the electron
[6, 8, II. Discharges in NO have also been known to energy distribution (EED) which provides electron impact
produce 02(1 A) in relatively large amounts even though rate coefficients based on the EEDs and fundamental cross-
02 may not be present as a feedstock gas [ 12]. However, sections.
when flowihig NO through the discharge, some of the For plasmas flowing through cylinders having large aspect
power that would otherwise be available to excite 02 is ratios, transport to the radial surfaces is taken into account by
dissipated by excitation and ionization of NO, an unwanted using a diffusion length. By simultaneously calculating the
consequencc. axial speed of the flow based on constant pressure, change

In addition to possibly improving the production of in enthalpy, species densities, conservation of mass and gas
02( A), NO and NO2 are potentially effective in managing temperature, the integration in time is mapped to axial position.
the inventort of 0 atoms through direct and cyclic reactions The resulting rate equatious are integrated in time using a stiff
which have the effect of converting 0 atoms back into 02. In ordinary differential equation solver. To address the use of
the context of eCOIL systems where 12 is injected, 0 atoms additives, GlobalKIN was modified to enable the downstream
are beneficial by dissociating 12 (and product species 10) to injection of gases into the flow. Injection nozzles were treated
form I atom:; which are then pumped to I* by collisions with as point sources of mass, axial momentum and enthalpy. Power
02(A). The O atoms are detrimental by quenching I*. Totally deposition as a function of axial position must be specified
eliminating 0 atoms is therefore not necessarily beneficial. NO in GlobalKIN. This distribution was estimated by averaging
and NO 2 also have secondary effects in that they react with I the power deposition obtained from the nonPDPSIM over the
atoms forming intermediary species such as INO, and 1N0 2  cross-section of the tube.
which further react with I to reform 12 [13]. nonPDPSIM has been discussed in detail in [ 15,16], and so

In this paper, we report on results from a computational will only be briefly described here along with pertinent updates
investigation of the consequences of NO and NO2 additives on to the model. Continuity equations for charged gas-phase
flowing He/0 2 plasmas and their afterglows with 12 injection species, surface charges and Poisson's equation for the electric
in the content of eCOIL systems. These investigations were potential are simultaneously implicitly integrated in time.
conducted u;ing plug flow and 2-dimensional (2D) plasma- Updates of these quantities are followed, in a time splicing
hydrodynamics models. Although for most conditions the manner, with updates of T, and neutral species densities using
addition of NO to the inlet gas stream reduced the density of a modified form of the compressible Navier-Stokes equations
02 ( A), it ultimately increased the densities of I* downstream for continuity, momentum and energy (gas temperature) which
of the dischirge through management of the 0 atom density. accounts for interactions with the plasma. A circuit model was
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used to interface the plasma with metal surfaces connected to a injection of NO and NO 2 to manage the resulting flow of 0
voltage source and circuit elements (e.g. ballast resistor). The atoms. For self-sustaining discharges, roughly one 0 atom is
power supply voltage was adjusted to deposit the specified generated for every 02( A) produced in the plasma zone. By
power in thc plasma. lowering T to 1-1.5 eV from self-sustaining values of 2-3 eV

To address the longer time scales for the injection and by, for example, using the spiker-sustainer methods, the rate
mixing of additives downstream the following method was of excitation of 0 2 (i A) can be increased relative to electron
used. It wa. determined and validated that the injected gases impact dissociation [I I].
were sufficitntly far downstream from the plasma that their The negative ion chemistry of He/0 2 mixtures is initiated
presence diJ not affect the plasma properties. As such, by dissociative attachment and 3-body reactions,
plasma quar tities (for example, electron density (ne), T, rates e + 0 2 --* 0- + 0, (6)
of electron impact reactions, and ionization sources) were
calculated until a quasi-steady state was reached after which e + 0 2 + M --* 0 + M, (k = 3.6 x 10- 3 T - ° ' cm6 s- 1),
these quantities were 'frozen' in the upstream plasma zone. (7)
Following tie establishment of the plasma properties only where M is a third body and k is the rate coefficient. 0 2
the neutral fluid equations were integrated (accounting for subsequently charge exchanges with 0 atoms to form 0- or
injection of,gases downstream) which did not affect quantities associatively detaches to form 03. A similar process occurs
upstream in the plasma. This enabled a longer time-step with 0- to reform 02,
downstream where the injection kinetics occurred.

+ 0 -+ 02+O, (k = 1.5 x 1 0 -10 cm3 s- 1 ), (8)

3. Reaction mechanism 02 + 0 -4 03 + e, (k = 1.5 x 10-10 cm3 s-1). (9)
0-+0-*0 2 +e, (k =2 x 10-1°cm 3 s-1). (10)

The species included in the reaction mechanism are e, He, Through dissociative detachment reactions, both 0- and 0-
Hc(Throug disoiaiv detchen reatins bothA) 02E) and+,0 ')

0('S), 0, 0, 03 0- NO, N0+, N0 2 , NO2, N02, N, react with 0 2(1 A) to form 03, and to quench 02(1 A),
N2, O-, Oq 3, I (, A)N,

N2, 12, 1*, [(2 P3/2 ), 1(P 1/2), 10, INO and INO 2. He(2 p) O-+O2(A)-*03 +e, (k = 3 x 10-10cm3 s-'),
was included for purposes of electron energy loss in solving (II)
Boltzmann's equation but was lumped with He( 2S) in the 0 2 + 02('A)- 02 + 02 + e, (k = 2 x 10-10CM3 S-
chemical kinetics. 02 (v) represents the sum of the first 12)
four vibrational levels of 02. The vibrational levels of (12)
N2 were not included as individual species in the reaction An important motivation for flowing NO through the plasma
mechanism as N2 densities were small and predominantly zone is that it has a smaller ionization potential than 02 and
produced downstream of the discharge where electron impact He and so should produce more ionization at a lower To,
processes are negligible. Excitation of the first five vibrational e+NO -* NO +e +e, (AE = 9.26eV). (13)
levels of NO (Ac = 0.23, 0.46, 0.69, 0.91 and 1.13) and
the electronic states NO(a2E) (AF = 5.48eV), NO(c2 rH ) This ionization does, however, come at the cost of channelling
(AE = 6.5eV) and NO(b4 E) (Ar = 7.58eV) were included discharge power into NO (e.g. vibrational excitation and
for purposes of energy loss collisions with ground state NO. dissociation), power that might otherwise be deposited into
The densitie:; of these states were not explicitly tracked in the 02. This power therefore does not directly lead to generation
model. The negative ions NO- and N02 were included only in of 02 (A). Since NO+ has the smallest ionization potential
GlobalKIN after confirming that their exclusion does not make among all the atoms and molecules in this mechanism,
a significant change to the reaction kinetics in nonPDPSIM. significant amounts of NO* are formed by charge-exchange
Their exclusion from nonPDPSIM was for the purpose of reactions with He, 0 and 0. Dissociative recombination of
speeding the calculation. NO* with electrons can produce N, 0 and O(iD), as well as

The reaction mechanism builds upon that previously contribute to gas heating through Frank-Condon processes,
developed for He/0 2 discharges and which is discussed in [14]. e+NO+ 

-* N+ 0, (k = 3.4 x 10-7T -0 cm3 s - ,
The processts that were added to that reaction mechanism to All = -2.77eV), (14)
account for the injection ofNO, N0 2 and 12 are listed in table 1.

The majority of 02( A) is produced by electron impact -- N + O(' D) (k = 6.0 x 10-'T.- 5 cm' s- ' ,

excitation o ground state 02 in the plasma zone, and AH = -0.8eV), (15)
secondarily by excitation of 02( E) followed by quenching where All is the change in enthalpy of the recombination
to 0 2(i A) by collisions with 0 atoms, event.

e + 02 -- 0 2('A) + e, (1) NO also intercepts the negative ion chemistry through

e + 02 -02(l E) + e, (2) charge-exchange reactions and associative attachment,

0 +020Z)- 0 20A) +0, (3) 0-+NO-- N0 2 +e, (k=2.8x 10-'ocm3 s-'), (16)

- + NO02 - NO- + 0, (k = 1.2 x 10-9cm 3 s- 1 ). (17)e+02 - O+O+e, (4)2

e + 02 --* O('D) + 0 + e. (5) These reactions are potentially beneficial in two ways. They
increase the electron density which can lower T into a more

Electron impact dissociation of 02 (equations (4) and (5)) is a favourable range for exciting 02 (' A) and they reduce the
significant scurce of 0 atoms and, in part, the motivation for density of 0- which would otherwise quench 02(1 A) to form
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Table I. Processes added to He/ 2 reaction mechanism with NO, N0 2 and 12.

Species
He NO e
He* N0 2  He
o N 02
O('D) N2  0 "
O(IS) 12 0.

02 1 0-

02 (v) 1. 0 3

02('A) 1O NO*
O2(C E) IINO NO-

03 INC2  N02

Reaction Rate coefficient' Reference

e+NO-O N+O- b [18]

e + NO +-N+O+e b [19]
e + NO --o NO* + e + e b 1201
e + NO--+ N+O+e+e b 1201

e+N --+ N+O0 3.4 x 10' T
- °  121]

e+NO* -- N +O(D) 6.0 x 
1
0-

7 T
-
- 1 [21]

e + NO + He NO- + He 1.0 x 10-
32 T -

03 [22]
e + NO + NO NO- + NO 6.5 x 10- 1' T

-
0 122]

He* + NO-He+NO'+e 2.5 x 10-10
He

+ + NO -- He + NO* 1.6 x 10- 9  [231
He* + NO -He + N + * 4.2 x 10- 10 [23]
0+ +NO- ++NO 1.7 x 10

- 2  [1231
0+ + NO -- 02 + NO* 4.5 x 10- 16 [23]
0+ + N -*NO + 0 i.2 x 10- 10  [23]

NO-, N02 + M' - NO, NO2 + Md 2.0 x 10-7 (TS/300)
- l

NO' + M- --+ NO + M' 2.0 x 10
-

7 (T,1300)
- l

0- + NO -+ N0 2 + e 2.8 x Io'
0 (T,300)0. 123]

0- + N -+ NO + e 2.2 x 10-10 (T,1300)0 1 [23]
C- + N0 2 -+ NO + e 1.2 x 10- 9 

(T/300)
0 '3  

f23]
O + N - NO2 + e 4.0 x 10

- 1
0 (T7/300)

0 5  
[23]

02 + N0 2 --). NO + 02 7.0 x 10 0 (T/300)-
'3 123]

+ N0- 2 N + 02 2.2 x 10-12 (T/300) [231
NO_ + NO -- NO+NO + e 5.0 x 10-12 (T/300)

0
-1 [23]

NO- + He --* NO + He + e 2.4 x 10- (T/300)
'5  [23]

NO- + N0 2 - NO + N02 7.4 x 10
- 10 (T, 1300)0-  

[23]
NO- + 02 - NO + O 5.0 x 10- 0 (TI/300)0 1 1231
NO0- + 03 -0 + NO2  9.4 x 10-

:
2 
(Ti/300P. [23]

NO + 0 3 - N0 2 + 02 1.4 x 10- 
2 e-'310/T [24]

NO+ 02('A) -* NO+ 02 3.5 x 10
-
17 [251

NO + O('D) -* N + 02 5.0 x 10-" s  [26]
NO + O('D) - NO + 0 4.0 x 10-" I  [27]
NO + 0 + M - N02 + Mf  1.0 X 10-31 (Ts/300)-l 6  [24]
NC 2 + C -+ NO + 02 4.2 x 10

-
1
2 

e21;/TF [24]
N0 2 + O('D) -- NO 2 + C 3.2 x 10-10 [28]
N0 2 + O(lD) -

- 
NO + 02 3.0 x 10-10 [28]

N+ 02 -+ NO+0 2.4 x 10"s e-
5 3

20/r, [29]
N + N0 2 -- NO + NO 6.1 x 10-12 [30]

N+N02 -*N 2 +O0+0 2.4 x 10
- 2  [30]

N + N02 - N2 + 02  1.8 x 10-12  [O]
N + 0 + M --* NO+ Mf  5.5 x 10

- 33 e
7  [3155]

0 2 ('A) + 02 + 0 . 0O2 + O + 0 1.0 x 10- 32 [1]

020E) + 12 0 2 + 1 + I 2.8 x 10-" t  [9]
02 2('E) + 12 2 O2(1A) + 12 2.3 x 10-" [9]

0 2 (E) + 12 - 02 + 12 6.0 x 10- 1  [9]
0 2 (1A) + 12 - 02 + 1* 7.0 x 10-" [9]
0 2 (A) + 12 -- 02 + 12 5.0 x 10

-
16 [9]

0+12--+10+1 1.4 x 10-10 [9]
He+l --*He+1 2  9.8 x 10

-
12 [9]

02 +1 "")'O2+12 4.9 x 10- 12  
[9]

02(lA) + 1 - 02 + 1+ 1 3.0 x 10- 10 [9]
020A) + 1 - 02 + 1* 7.7 x 10-" (T1300) -

I' [9]

0 2 (A) + I 02 + 1 1.0 x 10-"1 [9]
03 + I -- 02 + 10 2.0 x 10"

i 
e

-
'90/Ts [9]

He + i" - He + I 5.0 x 10- 11 [9]

02(' A) + 1* - 020 ) + 1 8.4 x 10" (T1300)
3 A C7

011T, [9]
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Table 1. Continued.

Reaction Rate coefficient' Reference

02(1 A) + I" -- 02 + I 1.10 x I0 - , [9]
02 + V -* 02 + 1 1.0 x I0-'° (TI300) - ' ° e-403/1 [9]
O+ P -- O+l 8.0x 10 2  

[9]
NO+I* NO+I 1.2 x 10- 3  []
NO 2 + 1* - N02 + 1 8.5 x 10" [9]

12 + 1* 1 I2 1.40 x 0- 3 e 600J/T [9]
10+ 102-+ 02+1+1 8.2 x 10" [9)
NO + 10 - NO2 + 1 4.3 x 10"2 e - 3

9/TS [32]
0 + 10 02 + 1 1.4 x 10- 0 [9]
0 + 10 0 2('A) + 1 1.5 X t0

- t
, [9)

I + INO -+ 12 + NO 1.6 x 10-0 [13]
1 + IN0 2 -+ 12 + NO 2  8.3 x 10-" [13]

INO+ INO--* 12 +NO+NO 8.4 x 10- " e2 60/Tg [13]
IN0 2 + IN0 2 - 12 + NOi + NO 2  2.9 x 10-" e-2600/T,  [13]
1 + I + 12 -* 12 + 12 3.6 x 10-'* [9]
1 + I + He -2 + He 3.8 x 10-33  [9]
1 + 1 + 02 12 + 02 3.3 x 10-32 [9]
I+1*+12 l++12 3.6x 10-30 [9]
1 + I + 02 -"12 + 0 2 (A) 3.7 x 10-" [9]
1 + NO + He INO + He 6.0 x 10- 33 

(T/300)
-

'
0  [13]

1 + NO + 02 INO+0 2  1.6 x 10-32  [13]
1 + N0 2 + He 1N02 + He 1.5 x 10-3' (T/300) - V0  [13]
I + N0 2 + 0 2  INO2 + 02 2.6 x l0-3' [13]
" - 10 [33]

* Rate coefficient in cm3 s-1 for 2-body reactions, and cm6 s-'for 3-body reactions
and s' for radiation reactions.
' Rate coefficients calculated using cross-section data from the indicated reference.
c Estimated.
d Where M is one of the cations 0*, 0*, He+ or NO*.
SWhere M is one of the anions 0, 02 orO..
Where M is one of the major neutral species He, 02, 0 2(v), 02(' A), 0 or 03.

03. The no-gative ions NO- and N02 were not included inventory of 0 atoms and 02(l E), and so the dissociation of
in the 2D model (to increase computational speed), whereas 12 is dominantly by 02( A) in a two-step process,
they were included in the plug flow model. Computational 02('A) + 12 - 02 + I;, (k = 7 x 10-15 cm3 s- '), (20)
experiments were conducted using the plug flow model to 02(A) + 1-2 02 + 1+ , (k = 3 x 10-10 cm 3 S-) (21)
quantify the effects of the NO- and N0 2 and are discussed

below. In eCOIL, the presence of 0 2 (1 E) and 0 helps in dissociating

One of Ihe primary motivations of injecting NO and NO2  12 and producing I atoms. A reaction intermediate 10 is also

is in their potential for managing of the 0 atom inventory, helpful in this regard,

Much of thi ; chemistry is cyclic. NO reacts with O to form 02(1 E) + 12 -- 02 + 1 + I, (k = 2.8 x 10- 11 cm 3 s-1),
NO 2 which then further reacts with 0 to regenerate 02, (22)

NO + 0 + M -* N02 + M, (k = l.0 x 10- 3 (Tg/300) - ' 6, O + 12 1- + 1, (k= 1.4 x 10-1 0 cm3 s-), (23)

AH = -3.18eV), (18) 0+10 -1 + 02, (k = 1.4 x 10- 0 cm3 S-1). (24)

NO 2 +0 -0 NO + 02, (k = 4.2 x 10- ' 2 exp(273/T.), The laser pumping reaction by 02 (1 A) in collisions with I

AH = -2.0eV). (19) is favoured at lower temperatures over its endothermic back
reaction,

This is an important reaction chain that can reduce the 0 2(A) +I -+ 02 + I%
inventory of 0 atoms and so eliminate a quencher of the upper
laser level, '. At low pressures where the 3-body density is (k = 7.7 x 10-"(T/300) - ' cm 3 s-), (25)

low, the ratt! of reaction of 0 with N0 2 occurs at a higher 02 + I* 2(' A) + 1,
rate than with NO. Hence addition of NO2 in the downstream (k = 1.0 x lO-(T/30O)-te-4 3/Tr. (26)
region may 12e preferred over that of NO if the residence time in To suppress the back reaction, the laser cavity is typically
the flow tube is a limiting factor. These reactions are, however, placed in a supersonically expanded flow to lower the
exothermic and so can increase the gas temperature which is translational temperature. As such, the threshold yield. Y,h, of
generally noi beneficial. 02 (A) required for positive optical gain in an undissociated

Laser gain is ultimately achieved by injection of 12 flow of 02 is [17],
downstream of the plasma zone, and by its reacting with

0, 0 2 (A), and 02(E) to create I atoms and to pump the [0 2 (A)] 1
upper laser ltvel. In a conventional COIL there is a negligible [02] 1 + 1.5exp(401/T,) (
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For examplt, in an undissociated flow of 02, the threshold ,Inlet
yield at rocm temperature is 15% whereas at 180K the 0

threshold yild is 6%.
Quench ng of V occurs dominantly by reactions with 0 15 - IRing

and 02 (the backward reaction), and to a lesser extent with Electrodes
0 2 ('A) and NO, / Ground
0+ 1° * 0O+1, 30 - Plane

(k = 8.0 x 10 - 12 cm 3 s-1), (28)

NO+I* --* NO+I,
B 45

(k = .2 x 10-1 3 cm3 s-1). (29) T-
0 -- Nozzle #1

NO and NO., also help in removing ground state I atoms and _
so aid in maintaining the inversion, LL 60 #

+NO+0 2 --* INO+0 2, (k = 1.6 x 10-32 cm 6 s-), No0l 75
(30) Quart Tub

I+NO+He-+INO+He, (k=6.. 10-33 cm S-O), QuartzTub

(31) 90 0

I+N02 +O -* N0 2 +O 2 , (k=2.6x 10-31cm 6 s- 1 ), 0 5 10 15

(32) Radius (cm)

I + NO 2 + He -- IN0 2 + He, (k = 6.0 x 10- 3 cm 6 s- I). Figure 1. Geometry of the cylindrically symmetric reactor. The
(33) flow enters from the top and is pumped from the bottom. Discharge

power at 25 MHz is capacitively coupled through ring electrodes.
The INO, species in turn abstract I atoms to release 12 and NO, Two nozzles downstream of the discharge inject mixtures of He,

back into the flow, NO, NO 2 and/or 12.

INO+1 -+ 12 +NO, (k = 1.6 x 10-'cm
3s-'), (34)

IN0 2 +I - 12 + NO2 , (k = 8.3 x 10- " cm 3 s-i). (35) geometry these nozzles appear to be rings.) The first nozzle

Typically, the injection of 12 occurs during or following a at 51.5 cm was used to inject a mixture of He/NO/NO 2 . The

supersonic expansion of the gas to velocities equivalent to second nozzle at 64.5cm injected a mixture of He/I 2. At the
Mach2or Mach3to lowerT,todecreasetheyieldsofO2(1A) outlet, axial gradients were assumed to be zero and the exit

required to achieve positive gain. Accurately simulating a speeds were adjusted to maintain constant pressure and mass

supersonic e.pansion is difficult in our modelling platform. flux.

In order to provide a best case estimate for laser gain we used Plasma characteristics (ne, T, negative total negative ion

for the temperature of the reactions in equations (25) and (26) density M-, total positive ion density M* and power density)

a value appropriate for a Mach 2 flow. This temperature can obtained with nonPDPSIM are shown in the vicinity of the

be approximated from electrodes in figure 2 for the base case having an inlet flow
of He/O2 /NO = 67/30/3. T in the bulk of the discharge

TO I 2 was 2.3 eV and the peak electron density was 9.0 x 109 cm-3.
T 1 + 2 (36) Since NO and 02 are attaching species, the negative ion density

(maximum of 1.1 x 1010 cm-3 ) is commensurate with nc. The
where To is the stagnation (or tank) temperature, y is the ratio electron density is fairly symmetric between the electrodes
of specific heats and M is the Mach number. For M = 2 and relatively uniform. The power deposition is moderately
and To = 301) K, this ratio is -2.18, and would lead to a gas higher near the upstream electrode due to gas heating which
temperature of 137 K. The reaction mechanism was validated reduces the neutral densities downstream. This is not a general
by comparing with experimental data from Carroll et al [34], result as higher power deposition and more rarefaction can
as discussed below, produce regions of locally intense power deposition near the

downstream electrode.
4. Consequences of NO in the inlet flow The densities of the neutral species 0, 02(l A), I and 1 and

T, for the base case are shown in figure 3. A flow of 36 scem
A schematic ofthe cylindrically symmetric, 6 cm diameter flow of pure NO was injected through the first nozzle and a flow
tube used in ulis study is shown in figure 1. In the base case, a of 100 sccm of He/12 = 99/1 was injected through the second
power of 40 W was capacitively coupled using ring electrodes nozzle. Having few quenchers at these pressures, the 02 ( A)
operated at 2!; MHz. A mixture of He/02/NO at 3 Torr entered accumulates as the gas flows through the discharge reaching
through the iilet at a flow rate of 6 slpm which corresponds a maximum value of 1.35 x 10'" cm - '. The 0 2( A) density
to an axial speed of -890 cm s- 1. The flow consisted of 30% remains nearly constant thereafter until the injection point for
02 with the balance divided between He and NO. The NO 12. Reactions ofO2(' A) with 12 and I (the latter being the laser
mole fraction was varied from 0-10%. Two injection nozzles pumping reaction producing 1*) reduce its density by a factor
are located downstream. (In the 2D cylindrically symmetric of five to 2.7 x 1014 cm- 3.
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Electrodes Electrodes 1st 2nd
[e] (9.0 x 109 cM "3) (2 decs) 4 4 nozzle 4 nozzle

[ [O2(A)] (1.35 X 1015CM3) (2 decs)

Te (2.73 eV)

[01(1.38 x 101 5cm-3) (2 decs)

b)

[M-] (1.1 x 1010 cm 3) (2 decs)

r [I] (3.3 x 1014cm-3 )

[M+] (1.9 x 1010 cm-3) (2 decs)

[1"H (3.1 x 1013 cm-3 )

3.)d
3. Power (0.19 . d)-m-

.1 [11*]-0.5[] (2.6 x 10 1 "3

10 15 20 25 30 35 - (-

e) Flow Distance (cm) e)
MINII MAX o eE Gas Temperature (348 K)

Figure 2. Bae case plasma characteristics from the 2D model for
3 Ton, 40 W, -e/Oz/NO = 67/30/3 and a flow rate of 6 slpm. (a) _
Electron density, (b) electron temperature, (c) sum of negative ion 0 00 5 30 45 60 75 90
densities, (d) sum of positive ion densities and (e) power density.
The scales art linear for T, and power (0 to maximum), and the f) Flow Distance (cm)

densities are plotted on a 2-decade log scale. MIN INI MAX

Figure 3. Neutral species densities and Tg for the base case. 36 sccm
Similar to 0 2( A), the density of 0 atoms accumulate of pure NO was injcclcd through the first nozzle and I W sccm of

from electron impact dissociation of 02 passing through the He/12 = 99/I was injected through the second nozzle. Densities of
discharge (with a small amount of depletion of the 0 in forming (a) 02( A), (b) 0, (c) I, (d) 1, (e) inversion density (1]-0.5[I]) and
03) until the injection point of NO at the first nozzle. The 0 (f) gas temperature. The scales are linear except for 02 ('A) and 0
densities decrease from a peak value of 1.4 x 1015 to 4.Ox which are plotted on a 2-decade log scale. Injection of NO decreases
1014e dthe flow of 0 and injection of 12 consumes 02(1 A). Exothermic
1014 cm - 3 downstream of the NO injection due to its reaction reactions at both injection points produce local maxima in T.
with NO. The remaining 0 atoms flow to the injection point of
12 where the) are further depleted in dissociating reactions with
12. The 12 is nearly completely dissociated by reactions with case. When including NO- and NO, the peak electron density

the 0 atoms to form 1. Pumping reactions between 0 2(A) decreased approximately 10% from 1.4 x 1010cm - 3 . The

and I produ:e 1*. The region of positive gain (where the reduction in ne results in large part from the attachment of

inversion delsity G = [I*] - 1/2[1] > 0) is a narrow band electrons to NO through 3-body reactions similar to those for

downstream of the 12 injection point, with a peak value of O2 formation (equation (7)) and dissociative attachment to

G = 2.6 x 1011 cm - 3 . NO. The changes in densities of O2 (0A) and 0 2( E) were

T, has two local maxima. The first is due to discharge relatively small (<5%) and could be attributed to the fact
Joule heating, Frank-Condon heating and exothermic that n. decreases and T increases modestly (0.05-0.1 eV from
reactions of NO with 0 reaching 340K adjacent to the _2.0eV) with the inclusion of NO- and N02. (Recall that
downstream electrode. As the walls are held at 300 K, the gas electron impact excitation ofO2(0 A) is maximum for T, = I-
rapidly cools by thermal conduction. A second local maximum 1.5 eV.) The density of 0 atoms was relatively independent on
occurs downstream of the first injection nozzle (up to 348 K) the inclusion of NO- and NO. Based on these trends, we can
due to additional exothermic reactions of 0 and the newly expect results from nonPDPSIM (which do not include NO-
injected NO. and NO, in the reaction mechanism) to over-predict 0 2(A)

To inve,tigate the consequences of NO in the inlet flow densities by a few per cent.
over a wider parameter space, the plug flow model GlobalKIN The consequences of NO in the inlet flow on the maximum
was used. We first addressed the importance of NO- and NO2 densities of charged species, T,, T,, and power deposition into
in the reacticn mechanism and their effects on the densities of different species by electron impact are shown in figure 5 for
electrons, 02 (1 A) and 02(1 E). The densities of these species 3Tof and40W. A modest increase in n, from 1.1 x 1010cm - 3

are shown along the axis of the discharge in figure 4 for a to 1.25 x 1010cm - 3, occurs as the NO mole fraction is
3 Torr mixture of He/0 2/NO = 60/30/10 with 40 W power increased from 0 to 10% due to the higher rates of ionization
deposition. A high mole fraction ofNO was used as an extreme with NO in spite of a decrease in the positive and negative
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Figure 4. Dependence of plasma characteristics on the inclusion of __

NO- andNO:, for 3Tor, 40W, HeO 2/NO = 60/30/10 and 6slpm. 0 2 4 6 8 10

Densities of (i) electrons, (b) 02(' A) and (c) 02(' E). The densities d) NO Mole Fraction (%)
of 0 did not siow any noticeable variation. These results are from
the plug flow model. Inclusion of these negative ions produces Figure 5. Plasma and gas characteristics while varying the NO mole
nominal changes in excited state densities, fraction for 3 Torr, 40W and a 6slpm flow of

He/O2/NO = 70 - x/30/x. (a) Maximum n, (b) maximum
positive- and negative-ion densities, (c) maximum T, and (d)

ion densities. The increase in n, results from the density of fractional power deposition into 02 and NO, and in producing
negative ions decreasing more rapidly than the positive ions 02('A) and 0 2('1:). These results are from the plug flow model
when increasing the mole fraction of NO. The positive ion and from calculations of EEDs. In spite of NO consuming a large

density decr!ases from 2.3 x 101 cm- 3 to 2.0 x 1010 cm- 3  fraction of the power, the decrease in T increases the rate of

while the de..rease in negative ion density is 1.2 x 1010 Cm- 3  excitation of O2( A) and so there is not a large change in power

to 0.75 x l(1 0 cm- 3. Te decreases from 2.2 to 1.9eV as the dissipated inexciting %('A).

NO mole fraction is increased from 0 to 10%. The reduction show more variation. In the absence of NO, 0* forms the
in T is due to the additional power loss resulting from electron majority (>99%) of the positive ions. However with as little
impactonNOwhensubstitutingNOforHeandthereductionin as 1-2% of NO, the majority ion is NO*. This is due to

the average i Dnization potential thereby enabling the discharge charge exchange reactions between O and NO. The dominant

to be self-sustained with a lower value of T. This trend negative ion in the absence of NO is 0-, and as the NO mole
is partially offset by the additional attachment probability fraction is increased, the density of NO2 ions increases, a result

represented by NO. of charge exchange between 0- and NO2 (equation (17)).
While the total ion densities gradually decrease with T, increases with NO mole fraction primarily due to

increasing IO mole fraction, the densities of individual ions the exothermicity of reactions between 0, NO and NO2
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(equations (18) and (19)). In the absence of NO, the maximum Power
value of Tg is 328 K (increasing from the inlet value of 300 K). 2.0
This value increases to 362K with 10% NO. The peak gas - , '

temperatures occur just downstream of the discharge region. E 1.61
With large NO mole fractions, the contribution of Frank- 2 2
Condon gas heating due to dissociation of NO can be more
than a few per cent. Z 1

The fra,.tional power deposited into NO increases nearly 2 .
linearly witl the NO mole fraction, increasing to 25% for 0.8 1 f . NO

an NO mole fraction of 10%. (Note that these values were "3
computed using the actual mole fractions of species in the O 0.4
discharge and not the inlet conditions.) Correspondingly, the
power depos.ition into 02 decreases, from more than 85% in the 0.00 15 30 45 60 75 90
absence of NO to 66% for an NO mole fraction of 10%. (Little a) Flow Distance (cm)
power is disipated by He.) In spite of the fraction of discharge
power dissipated in 02 decreasing, the power expended in
exciting 02(l A), a, was relatively constant, reaching a shallow 6
maximum of 8.7% for a NO mole fraction of 5%. As the NO
mole fractioa increases, T. decreases from 2.2 to 1.9eV thereby 5

increasing the efficiency of 02('A) production by electron 4 ] 10 % NO

impact [ I I ]. Fortuitously, a combination of decreasing power I I

dissipated by 02 and an increase in the efficiency of exciting of -<- 3
02( A) maintains the total power expended in exciting 02(l A) OS 2
relatively constant. This is not necessarily a general result but
lowering T is generally beneficial. Similar trends are seen for
02(1 0) as the fractional power expended in exciting 02(' E) 0 0 15 30 45 60 75 90
increases slightly from 3.2% to 3.9% as the NO mole fraction b) Flow Distance (cm)
increases to 10%. 3.0

The consequences of NO mole fraction in the inlet flow on *

the densitiesofO, 02(A) and 02( E), andtheyieldofO2(l A) 4- 2.5 - 0% NO
along the axis of the discharge are shown in figure 6 for the Ei
base case of 3 Torr, 40W and 30% 02. (Note that this yield s 2.0 ,
is based on 1 he mole fraction equivalent of 02 for all oxygen ,
species[ Il) A flow of 100 sccm of He/12 =99/1 is injected 1.5
through the gecond nozzle. In the absence of NO, the density Ci.0
of 02(' A) increases to 1.2 x 1015 cm 3 due to electron impact 0
excitationas the inlet flow passes through the plasma zone. The O 0.5 10
increase in the density of 02(1 A) to 1.75 x 1015 cm- 3 after the
discharge zcne results largely from quenching of a density of 0.00 15 30 45 60 75 90
0.4 x 105 cm 3 ofO2( E) by 0 atoms and excitation transfer c) Row Distance (cm)
from 0(1 D). The density of12(' A) upstream ofthe 12 injection

point monot3nically decreases with the addition of NO, from -
1.75 x 1015 cm- 3 without NO to 1.1 x 105 cm- 3 with 10% E
NO. A portion of this decrease results from an increase in the
T. when adding NO though the yield of 0 2(1 A) also decreases
from 5.9% when adding NO. 3

The production ofO2 (I A) is dominated by electron impact A
on 02 and so is dependent on T. and ne. Since the power 2 % NO
deposition producing 02 (' A) is nearly constant, secondary ii10
processes must be responsible for the decrease in the yield of * 1 *

02(' A) with increasing NO. One such secondary process is the 0 I 0
production (If 02 (

1 A) by excitation transfer between O(' D) 0 1 3 4 0 50 15 30 45 60 75 90
and 02. Th -majority of O(' D) is produced by dissociative d) Flow Distance (cm)
excitation of 02 (equation (5)). Reactions of O('D) with 02
produces its excited states, Figure 6. Densities of oxygen species and yield of O 2(A) along

)+ 02 0 + 0 (the axis of the tube while varying NO mole fraction for 3 Torr and
(D) + +02(1 40W for a 6slpm flow of He/0 2/NO = 70 - x/30/x. 100sccm of

(k = 2.6 x 10- ' exp(67/Tg) cm
3 

s-'), (37) He/I 2 = 99/1 is injected through the second nozzle. (a) 0 2 ('A), (b)
yield of 02(' A), (c) 0 and (d) 02(' Y). These results are from the

O( ; D + 0- 12 S- 1. (plug flow model. Increasing flows of NO decrease the flow of 0
(k = 1.5 x 10- 2 exp(67/T,)cm3 s-). (38) atoms.
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With the decrease in'T with addition of NO, the production 3.5
of 0(ID) by electron impact dissociation of 02 decreases
and so these secondary sources of 02('A) and 02(1 E) also ." 3.0 NO%
decrease. Furthermore, both NO and NO2 are quenchers E
of 0('D), ~2.5
NO+ O('D) -+ NO+O, (k =4.0 x 0-11 cm3 s), 2.0

(39) 2.0 3

NO 2 +O('E) -NO+ 02, (k = 3.0 x 10-1 cm 3 s-), - 1.5

(40)
N0 2 +O( ) - NO 2 +0, (k = 3.2 x 10-10cm

3s-
1 ). 1.O0

60 65 70 75 80 85 90
(41) aFlow Distance (cm)

So the addition of NO reduces the production of O( l D) and 1.50 . .-. .

increases its rate of quenching, thereby reducing the production 1.25 % NO

of O2(1 A) :y excitation transfer. The importance of the
quenching ractions of 0(1 D) is demonstrated by excluding 1.00
the reactions in equations (39)-441) from the mechanism. For 0.75
10% NO in the flow, the yield of O2(A) improved from M.
4.6% to 5.3% when quenching of O('D) is eliminated. The M 0.50
quenching of O2 A) by NO has a small rate coefficient o

(3.5 x 10- 11 cm3 s- I) and so does not significantly contribute 0.25
to the loss of 02(1 A).

The density of 0 atoms increases monotonically through 0.00 60 65 70 75 80 85 90
the discharge zone to a maximum value of 2.5 x 1011 cm-3  b) Flow Distance (cm)
in the absence of NO. (The small increase in the density of
0 after the ischarge is mainly due to gas cooling.) With the
addition of NO, the density of 0 atoms decreases throughout 4
the flow-tub- and, in particular, downstream of the discharge.
This decreaie is due to both the reduction in the rate of E
electron imp act dissociation of 02 by the decrease in T and 9C>
the formation of NO2 in reactions with NO. In the post- Z2.r- 2
discharge region in the absence of NO, the majority of 02( E) 7a
is convened to 02(l A) through collisions with 0 and 03. Due 1
to the reduc ion of 0 atoms with increasing NO, the rates of

quenching of 02(l E) to 02( A) are also smaller, leading to 0 -

higher densities of 02(0 E ) in the afterglow. Higher 02( E) 60 65 70 75 80 85 90
densities are not necessarily bad since they help in dissociating C) Flow Distance (cm)
12 but maintaining those densities does result in lower densitieso02 )tatdrtypup1*. Figure 7. Densities of atomic iodine species as a function of inlet
of 02('A) that directly pump NO mole fraction for 3 Tort, 40 W, He1O2/NO = 70 - x/301x and

The densities of I and P. and the optical gain at 1.315 AL 6slpm. 100sccm of He/12 = 99/1 is injected through the second
are shown in figure 7 for the conditions of figure 6 (1 sccm nozzle. Densities of (a) 1, (b) P and (c) optical gain. These results
of 12 injected in a 100sccm, He/12 = 99/1 flow). The are from the plug flow model. Low flows of NO produce the

gain was given by a ([I] - 0.5[1]) where a is the stimulated maximum peak gain whereas high flows of NO produce larger

emission cross-section. At pressures of less than tens of Toff, plumes of positive gain.

Doppler broadening dominates over pressure broadening, and
so the stimulated emission cross-section can be approximated reflection of instantaneous production and quenching rates.
by 135], The end result is a peak gain of 4.2 x 10- 5 cm- 1 within a

centimetre of the 12 injection point. Note that the rate of
a = 1.33 x 10-16Tg-/2 cm 2. (42) quenching of V by 0 is faster than that due to spontaneous

In the absence of NO, the density of I increases from emission (0.1 s) [33].
1.75 x 10 3 :m- 3 at the 12 injection point to 3.2 x 1013 cm- 3  With injection of 12 the density of 02( A) decreases by
downstream due in large part to the reaction of 0 atoms with virtue of excitation transfer and dissociative excitation of 12,
12. The density of I* is maximum at the injection point at and reactions with I which pumps P. In the absence of NO,
1.45 x 1013 cm - 3 and decreases to negligible values by the end the density of 02( l A) is fully depleted by the reactions. In
of the flow tube due to the depletion of 02(0 A) (the species the absence of NO there is also a large density of 0 atoms
responsible for the pumping reaction) and quenching by 0 at the injection point which react with 12 producing 10 and I.
atoms. Sincc the lifetime of I* (125 lis for quenching by 0) Since the rate of dissociation of 12 by O2(1 A) and 02( () is
is short compared with flow times, the density of V does not slower than by 0 atoms there is a larger density of I available
appreciably accumulate in the discharge and its density is a forO 2(A)toreactwith, andsothe02(lA)israpidlydepleted.

4802



02(1 A) production and gain in plasma pumped oxygen-iodine lasers

As the flow of NO is increased, the flow of 0 atoms decreases, 12 Injection
resulting in lower rate of dissociation of 12 and fewer I atoms.
With the lower density of I the reactivity of 0 2( A) is lower; 1.75
and so its density decreases less rapidly after injection of 12. E 1 -0+1

The production of P results from reactions of 0 2( A) PE 1.5 -=0
with I while the quenching of I' is largely due to collisions b
with 0 atoris. Increasing the NO mole fraction decreases 1.25 - 10,2

the 0 atom (tensity downstream thereby lowering the rates of ,
3 100

quenching ofl* and extending its plume beyond the 12 injection 1.00

point. However, having too large an NO mole fraction results in
too low rate-. of dissociation of 12 and hence poor utilization of 0.751

02(0 A). Th: end result is that the region over which positive
gain can be sustained is maximum for an intermediate mole 0.5060 70 80 90

fraction of NO of 3%. a) Flow Distance (cm)
The purpose of flowing NO (or injecting NO 2) is largely to 1.50

manage the 0 atom density and so control the quenching of P o f -f O .
by 0. A sen.:itivity study was conducted of the rate coefficient 3 - 0 '. _
for this queftching reaction from the nominal value of 8 x E 1.25

10-12 cm3 s-1 . The densities of 0 2(1 A) and P, and gain are 0 i-12

shown in figure 8 while varying this rate coefficient from 0 to 1.00-.
1.0 x 10-1 (:m3 s- 1. In the absence ofquenching, the densities
of 1* and 02 (1 A) do not significantly decrease downstream of
the 12 injection point. In the absence of quenching by 0, the a 0.75
predominani quencher of 1* is 02 and this quenching produces
02(l A). 1"he forward and backward pumping reactions 0.50 -
(equations (25) and (26)) reach an equilibrium where the I* and b) 60 70 80 90
02(l A) den;ities gradually decrease due to minor quenchers Flow Distance (cm)

of P (such a!; NO and 02(1 A)) and radiative relaxation. When
increasing the rate coefficient for quenching P, the density of 0 + I 0

I* decreases proportionately. By removing 1 in this manner . 3 =0 cs
the rate of the backward reaction with 02 decreases and so E
does the density of 02( A). The extent of positive gain is 4.10
progressively limited to the few cm beyond the 12 injection 2 610'

point as the quenching of V increases, though the peak value 1 0o-

of gain is not particularly sensitive to the rate coefficient.
The densities of 02( A) and 0, and Tg 2 cm upstream of

the second nazzle are shown in figure 9 as a function of power
deposition aid NO mole fraction in the inlet flow. In general, 60 70 80 90

T, increases with power deposition and with NO addition c) Flow Distance (cm)

reaching a maximum of 480 K with 400W power deposition
and 10% NO in the inlet flow. Increasing power deposition Figure 8. Sensitivities of the value of the rate coefficient for the
produces more electron impact dissociation of 02 and NO, quenching reaction between 0 and V on the post-discharge kinetics

for 3 TorT, 40 W, He/O/NO = 69/30/I and 6 sIpm. 100 sccm ofproducing larger densities of 0 atoms. However, increasing He/I 2 = 99/1 is injected through the second nozzle. Densities of (a)
NO mole fractions decreases the density of 0 atoms by virtue 02(' A), (b) I* and (c) optical gain. These results are from the plug
of scavenging by NO and NO2 and decreasing Te. flow model.

The dersity of 0 2( A) decreases with NO addition, as
discussed atove, and increases with power deposition. The for similar flow conditions 136]. The inlet flow has 30% 02
saturation in the density O2( A) at 6.5 x 1015 cm - 3 at higher and the flow injected through the second nozzle is I sccm of 12
powers is du-_ in part to the depletion of 02 by electron impact in a 100 sccm flow of He/I2 = 99/1. At low power deposition,
dissociation and in part to gas heating. For example, with the density of I is large, (2.2-2.3) x 1013 cm- 3, because the
400W and (% NO, the fractional dissociation of 02 is 68%. yields of 02(1 A) are low enough that the pumping of I to V
The addition of NO reduces the depletion of 02 by both is slow. As the yield of 02 (' A) increases at higher powers,
reducing the rate of 02 dissociation and by recycling 0 atoms the pumping reactions reduce the density of I and increase that
back to 02. For example, for 10% NO addition and 400 W, the of I*, leading to an increase in gain. However, at large power
fractional di,;sociation decreases to 36%. The yield of 02 (l A) deposition, the density of 0 increases whereas that of O2 (' A)
saturates with power at 18% due to the depletion of 02. saturates. This leads to an increased rate of quenching of I* by

The densities of I and P, and gain as function of power 0 which reduces the density of P and increases that of 1. The
deposition and NO mole fraction are shown in figure 1 0 at a end result is a reduction in gain.
location of 2cm downstream from the 12 injection point. This Increasing NO in the inlet flow reduces the density of
mixing length of 2cm was chosen based on previous studies 0 atoms at the injection point, thereby reducing the rate of
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Figure 10. Consequences of power deposition and NO mole
16 - fraction on iodine species and gain for 3 Torr,

__ He/O/NO = 70 - x/30/.x and 6slpm. Densities of(a) I and (b) V*
12 10 and (c) optical gain. These results are from the plug flow model and

% NO the values are for 2 cm downstream of the second nozzle. Gain is
maximum at high power only with high flow rates of NO.

0 4 X 10- 5 to4.3 x 10- 5 cm - ' between 150 and 400 W, whereas
in the absence of NO, the gain reduces by nearly a factor of 3.

0 The eCOIL system may operate in either power limited or
d) 100 200 300 400 iodine limited modes. In the iodine limited mode, the flow

Power (W) of O(A) and 0 generated by the discharge fully utilizes

Figure 9. Co isequences of power deposition and NO mole fraction the injected flow of 12, and so gain saturates with increasing
on the neutral gas properties for 3 Torr, He/O2/NO = 70 - x/30/x power. To some degree (quenching of V and depletion of 02
and 6slpm. (a) Ts, (b)density of 0, (c) density of 0 2('A) and (d) aside), this is the mode that applies to the results shown in
yield of 02 (' A). 0 2(1 A) densities saturate with power due to a high
degree of disociation of 02. These results are from the plug flow figure 10. In the power limited mode, the flow of 02 0 A) and

model and the values are for 2 cm upstream of the second nozzle. 0 is insufficient to fully utilize the injected flow of 12, and so
gain saturates with flow of 12.

dissociation of 12 and the density of I atoms. The reduction These modes of operation are demonstrated by varying
in 0 by addition of NO also reduces the quenching of V by power deposition and 12 flow rate. The densities of I and I*

0, making the gain predominantly dependent on the yield of and gain are shown 2 cm downstream of the 12 injection point

0 2 (1 A). As a result, for 3% NO, the gain decreases from 6.0 in figure II for a 6 slpm inlet flow of He/0 2/N0 = 67/30/3

4804



02(1 A) production and gain in plasma pumped oxygen-iodine lasers

6 and only 5.6 x 1013 cm- 3 with 120 W. For these conditions the
4 5production of I is limited by the availability Of 12 as the injected

E 12 is nearly completly dissociated by reactions with 0, 02 (1A)
PPower N and 02( E) for all power depositions. The production of I* is4 120

80 limited by the yield of 02(1 A) which does not scale linearly
Z-, 3 60

40 with power at higher power depositions. As a consequence the

2 , density of I* saturates with power deposition with large flows
of 12. This saturation is exacerbated at high power depositions

S1 3% NO (or low NO mole fractions) by large densities of 0 which

0 ' quench l*.
0.0 0.5 1.0 1.5 2.0 2.5 3.0 With a power deposition of 40W, gain increases with flow

a) 12 Flow (sccm) rate of 12 (shown in figure I I (c)) saturating at 3 x 0- 5 cm- 1

4 at 2 sccm, a consequence of being in a power limited regime.

Power (W) As the power increases the gain increases, and the 12 flow rate
12 at which the maximum gain is obtained also increases. For

:" 80 example, for 80W, the gain saturates at 9 x 10- 5 cm - I for
2 40 an 12 flow rate of 3 sccm. The higher power deposition is

2. able to better utilize the increased flow of 12. As the power
C- further increases, the peak gain increases only moderately and

1 decreases above 200 W as the system transitions to an 12 limited

"-- 3% NO regime and the densities of 02(1 A) saturate.
0 1 The consequences of flow rates of NO and 12 on gain are
0.0 0.5 1.0 1.5 2.0 2.5 3.0 shown for 80 W in figure I 1 (d). For a fixed power, increasing

b) 12 Flow (sccm) the mole fraction of NO at the inlet reduces the density of 0

10 Power (W atoms which reduces the quenching of I*. Increasing the NO
200 - mole fraction increases the range of 12 flow rates over which
120 the positive gain can be achieved and increases the flow rate
8s of 12 at which the maximum gain is obtained. For example,
60 the maximum gain in the absence of NO is 4.2 x 10- 5 cm- I

4 for an 12 flow rate of 0.8 sccm. As the rate of quenching of
I* decreases with increasing NO flow, gain increases to more

40 than 1.2 x 10- 4 cm- for an inlet mole fraction of 5% NO and

3% NO flow rate of 3 sccm of 12.
0 The consequences of flow dynamics on the densities of
0.0 0.5 1.0 1.5 2.0 2.5 3.0 O 2 (A) and I* are shown in figure 12 with results from

C) 1 Flow (sccm) nonPDPSIM. The densities of 02( A) and I* are shown for

12 80 / 80W and a 6slpm inlet flow of He/O2/NO = 68/30/2. A

10 100 sccm flow of He/12 was injected from the second nozzle
3 with the 12 flow varied from 0.5 to 3 sccm. As the flow

E 8 2 passes through the discharge zone, electron impact produces
, 6 02 2(1 A) at large radius first where the plasma density is highest.

% Diffusion homogenizes the density of 2.5 x 1015 CM -3 across
4 %NO 1 NO the radius by 10-12cmdownstreamof theplasma zone. At and
2 after the 12 injection point, the densities of O2 (1 A) decrease due

to excitation transfer to 12 and pumping of I% first at the outer
0 radius where the 12 is injected and on axis 4-5 cm downstream.

d)0.0 0.5 1.0 1.5 2.0 2.5 3.0 With low flow rates of 12 (<0.5sccm), the 0 2 (A) is not
1 Flow (sccm~) significantly depleted whereas with flow rates >_I sccm, the

Figure 11. Iodine species densities and gain while varying the 12 flow of 02 ( A) is largely consumed by reactions with 12 and I.
flow rate through the second nozzle. Densities of (a) I and (b) I% The densities of I* are maximum adjacent to the second

and (c) optical gain for 3% NO in the inlet flow and (d) gain for nozzle where densities of both 02 ( A) and 12 are largest.
80 W power deposition. These results are from the plug flow model The I' diffuses radially to the centre of the discharge 4-5 cm
and the value.,; are for 2 cm downstream of the second nozzle.
Varying power and 12 flow rate switches between the power limited downstream of the injection point. For small flow rates of 12,
and 12 limited regimes. the densities ofl are smaller, and hence consumption ofO2 (I A)

in pumping the I* is gradual, leading to a longer distance over
which significant amounts of I* are present. At high flow ratcs

while varying power and 12 flow rate. The densities of I and I* ofI1, 020 A) is largely consumed in the vicinity ofthe injection
increase nearly linearly with the flow of 12 and increase sub- point and so I* does not extend appreciably beyond that point.

linearly with power deposition. For example, with a flow of The densities of I and I*, and the gain obtained with

3 sccm of 12, the density of I is 4.6 x 1013 cm- 3 with 40W nonPDPSIM at a radius of 1.5 cm are shown in figure 13 for
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Figure 12. E wited state densities while varying the 12 flow rate 0.5

through the scond nozzle. (a) 02(1 A) and (b) V. These results, - 4 j k

obtained with nonPDPSIM, are for 3 To, 80 W power deposition,
and 6 slpm flow of He/0 2/NO = 68/30/2. 2

the conditions of figure 12. Similar to the results obtained 0
with GlobaiKIN, the densities of I increase with increasing 63 64 65 66 67 68 69 70 71

flow rate of 12 indicating that the system is in an 12 limited c) Row Distance (cm)

regime. Th densities of I*. also increase with increasing 12 8

mole fraction reaching a maximum 3-4 cm downstream of
the injection point. I* is rapidly quenched by the 0 atoms 6 2d

whose densties are commensurate with O2(0 A). At lower E

12 mole fractions, the densities of I* do not decrease rapidly , 4
downstream of the injection point due to the availability of Plug Flow

O2(0 A) to continue to pump I to I*. a

The maximum gain (at a radius of 1.5 cm) is 10-4 cm- I for 0 2

an 12 flow of 3 sccm. The axial extent of positive gain is limited
by the depletion of 0 2 ( A). Lower flow rates of 12 produce 0

0.0 0.5 1.0 1.5 2.0 2.5 3.0lower gain bit the axial extent of gain is greater. A comparison d) 12 Flow (sccm)
of maximum gain obtained with GlobalKIN and nonPDPSIM
as a function of flow rate of 12 is shown in figure 13(d). The Figure 13. Iodine species densities and gain at a radius of 1.5 cm as
predicted gains are commensurate except at large flow rates of a function of the flow rate of 12 through the second nozzle. Densities

12 where the gain with GlobalKIN is significantly higher than of (a) I and (b) I, (c) gain and (d) comparison of the plug flow and

with the 2d model. The lack of axial transport in the plug flow 2D models for gain 2 cm downstream of the second nozzle. These
results are from nonPDPSIM for 3 Tort, 80 W power deposition and

model produces artificially high rates of reaction between 0 6 slpm flow of He/0 2/NO = 68/30/2. 100 scm of He/12 is flowed
and 02(0 A) with I and 12, which increases predicted gain. through the second nozzle.

5. NO2 injection downstream of the plasma zone and prior to the addition of
12 [9,34]. Comparisons between predictions from GlobalKIN

In experimental demonstrations of laser oscillation and and experiments by Carroll el al [34] using this strategy are
significant gain in eCOIL systems, NO 2 was usually injected shown in figure 14. The conditions are a 1OTorr, 26.9slpm
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Figure 14. G iin in a subsonic flow for OTorr, 26.9 slpm of
He/0 2 = 80/ 20, 25-800W, with 10.8 sCCm of 12 injected through 00 15 30 45 60 75 90
the second nozzle. (a) Osccm NO2, (b) 672 sccm NO2 and (c) c) Axial Distance (cm)
1344 sccm NO2 through the first nozzle. Experimental values are
from [34]. Figure 15. Consequences of injection of NO2 through the first

nozzle for 3 Torr, 40 W, He/0 2/NO = 67/30/3 and 6 sipm. 36 sccm
(20 mmol s-) inlet flow of He/0 2 = 80/20 and 25-800 W of He/NO2 mixture is injected through the first nozzle. Densities of
followed by injection of 0-1344 sccm (0-1 mmol s-t ) NO2 (a) O and (b) 0 2(l A) and (c) yield of 0 2 (' A). Addition of NO2

and injection of 10.7 sccm (0.008 mmol s- 1) of 12, equivalent rapidly consumes the 0 atoms. These results are from the
GlobalKIN, the plug flow model. Values from the 2D nonPDPSIM

to few per cent of the 02(' A) flow rate. The diameter of are shown without NO2 injection.
the reactor :s 4.9cm and 12 injection is 20cm downstream
of the NO2 injection point. The power deposition spans
nearly 25 cm due to a larger separation between electrodes in Since NO 2 is more effective than NO in scavenging of

the experiment. The experimental measurements were made 0 atoms, we investigated NO2 injection through the first

10cm downstream of the 12 injection point in a subsonic (high nozzle. The conditions are a 3Torr, 6slpm inlet flow of

gas temperature flow) and so gains are negative. He/0 2/NO = 67/30/3 and discharge power of 40W. A

With the exception of low powers and low flow rates He/NO 2 flow of 36 sccm was injected through the first nozzle

of NO2, the experimental trends are captured by GlobalKIN. with the fraction of NO2 being varied. As before a 100 sccm

Addition of NO2 prior to injection of 12 scavenges some of flow of He/12 = 99/1 was injected through the second nozzle.
the 0 atoms in the flow and so reduces the quenching of 1 The consequences of NO2 flow rate through the first
by 0 atoms. Higher powers produce larger flows of 0 atoms nozzle on the densities of 0 and 02(0 A), and yield of 02(0 A)
as well as more 02(l A) but the quenching of 1 dominates, are shown in figure 15. These results are from GlobalKIN
Increasing the NO2 flow rate increases the scavenging of 0 with a result from nonPDPSIM without NO 2 injection for
atoms and extends the power prior to transitioning to large comparison. The injection of NO2 produces a decrease in
negative gain. the 0 atom density due to the titration of 0 by NO2 and the
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3.0 there is a deleterious effect on 02( A) production by having

2.5 36 seem N02 large flows of NO through the discharge, managing the 0 atom
18 density with injection of NO2 is likely the optimum strategy.

2.0

1.5 6. Concluding remarks

1.0 The consequences of NO in the inlet flow of a He/0 2 plasma

0.5 and its flowing afterglow, and NO2 and 12 injection on the
D.0 post-discharge kinetics of the eCOIL were investigated using

a)00 2 4 6 8 10 plug flow and 2D models. The addition of NO to the inlet
a) NO Mole Fraction (%) flow through the discharge produces a reduction in T. and a

3.0 modest increase in n, resulting in the densities and yields of
052 0 2 ('A) being generally lower with NO. Including NO in the

X .3 flow reduces the density of 0 atoms both by a reduction in the
2.0 electron impact dissociation of 02 and by exothermic reactions

1.5 No of 0 with NO. This proves beneficial to improving optical gain

Fratio (%) by reducing the quenching of P by 0 atoms. At higher power
- 10 deposition, the dissociation of 02 saturates the yield ofO2 (A).

0.5 By virtue of adding NO to the inlet flow, the reduction in T,
reduces the rate of dissociation of 02. Even though the yields

00 50 100 150 200 of 02(' A) were generally lower, the optical gain was generally
b) NO2 Flow Rate (seem) higher when the NO mole inlet mole fraction was between 1%

and 3%.
Figure 16. Gudn when including NO in the inlet flow and injecting The eCOIL system can operate in power limited and
NO 2 through 'he first nozzle for 3 Tor. 40 W, 12 limited regimes. At low flow rates, 12 is nearly totally
He/0 2/NO = 70 - x/30/x and 6slpm. 100sCem of Hel 2 = 99/1 dissociated and so the densities of I depend largely on the
is injected through the second nozzle. (a) Gain as a function of NO
mole fraction and (b) gain as a function of NO2 flow rate. These 12 flow rate. Upon increasing the flow rate of 12, the system
results are fro m the plug flow model. Maximum gain is obtained at transitions to a power limited regime and higher powers are
low NO flow iates and high NO2 injection. required to optimize gain. Small flows of NO2 in the post-

discharge region can be used to fine tune the gain. The addition
conversion Of 0 to 02, respectively. As the NO2 flow rate of NO2 rapidly consumes 0 atoms without significantly
inceases to .36 sccm the 0 atom densities decrease by a factor changing other parameters (other than T.) and so increases
of 3-4 just downstream of the injection point due to the more the optical gain. The injection of NO2 was most effective at
rapid rate of reaction with 0 (compared with that of NO). The low flow rates of NO. In general, management of the 0 atom
heat of reaction between NO2 and 0 locally increases the gas density is critical to optimizing gain due to its rapid rate of
temperature leading to a reduction in the density of 02( A) quenching of P.
near the first nozzle due to rarefaction. Note, however, that the
yield of 02( A) is not affected by NOz injection because NO2  Acknowledgment
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Chemical oxygen-iodine lasers (COILs) oscillate on the 2 P,- 2P 3 0, transition of atomic iodine at
1.315 ILm by a series of excitation transfers from O2('A). In electrically excited COILs (eCOILs).
the O2(A) is produced in a flowing plasma, typically He/O,, at a few to tens of Torr. Many system
issues motivate operating eCOILs at higher pressures to obtain larger absolute densities of 02 ('A)
for a given yield and to provide higher back pressure for expansion. In this paper, we discuss results
from a computational investigation of O2(A) production in flowing plasmas sustained at moderate
pressures (_-50 Torr). Power deposition and flow rates were scaled such that in the absence of
second order effects, yield should be constant and absolute 0 2('A) production should scale linearly
with presiure. We found in many cases that absolute 0 2(A) production scaled sublinearly with
pressure. Ozone is found to be one of the major quenchers of 0 2 (A) and its production increases
with pres;ure. Gas heating also increases with increasing pressure due to exothermic three-body
reactions. The gas heating reduces 03 production, increases 03 destruction and. for certain
condition;, restores yields. With increasing pressure and increasing absolute densities of atomic
oxygen and pooling reactions of 0,('A). quenching by these species also becomes important,
though th. influence of O-atom quenching can be controlled by managing the density of 0 atoms
with additives. The yield of O('A) is also determined by discharge stability which becomes
problemalic at higher pressure. © 2007 American Institute of Physics. [DOI: 10.1063/1.2743878]

I. INTRODUCTION tens of Torr. Helium is often used as a buffer gas to lower the
discharge gas temperature and to provide a more optimum

Chemical oxygen-iodine lasers are being investigated electron temperature for excitation of 02('A). Unlike the
because of their atility to be delivered through optical fibers conventional COIL. the electric discharge variant also pro-
(1.315 tm), their highly scalable continuous wave power, duces atomic oxygen by electron-impact dissociation of mo-
and favorable material interaction properties.1- Operation of lecular oxygen. Although the atomic oxygen is a quencher of
the chemical oxygen-iodine laser (COIL) is based on an elec- the upper laser level, it can also aid in the dissociation of 1,.
tronic transition ix:tween the spin-orbit levels of the ground Recent and ongoing investigations have shown that substan-
state configuration of the iodine atom, I( 2P, 2)---1( 2-P 3/2). tial yields of O2('A) can be generated by an appropriately
The upper level is "pulated by near resonant energy transfer tailored electric discharge' in mixtures of 02 with rare gas
(quantum defect --219 cm -') from 0,('A) to ground state diluents. Scaling studies of non-self-sustained discharges
1(2P3/2). The COIl, generates ground state I atoms by disso- where ionization is supported by an external source suggest
ciative excitation transfer from 0 2(IA) to I,. Typically. that O2('A) yields approaching 25%-30% might be possible.
O2 ('A) is produced in an external chemical reactor by a gas- This is accomplished by tailoring the electron temperature to
liquid reaction between gaseous chlorine and a basic hydro- more closely match the energy range where the excitation
gen peroxide solution' producing yields approaching 100% c s2-1of the oxygen emerging in the O041A) state. The long life- cross sections for 02(I.A) are largest. j

i sThe three main components of COIL devices are the
time of 0 2('A) (spontaneous lifetime of about 60 min) and 02 ('A) generator, a supersonic nozzle, and the laser cavity.
robustness against quenching enables transport over long dis- The primary purpose of the supersonic nozzle is to lower the
tances to the laser cavity. temperature in the laser cavity thereby reducing the likeli-

In electrically excited COILs (eCOILs), the 0 2(t A) is tm u of the energy transfer process from e(din) to liel)
produced in a flowing plasma. typically He/O 2 , at a few to

proceeding in the reverse direction. Recently. positive gain
and laser oscillation in atomic iodine in a supersonic flow

10Electronic mail: natalie5@iastate.edu optical cavity have been reported resulting from electric dis-
"Electronic mail: arakcni@uiuc.edu c 119 Aw
')Author to whoni cor'espondence should be addressed: electronic mail: charge produced 0,( A). - - An overview of O-A) gen-

mjk@iastate.edu eration in plasmas is given in Ref. 22.

0021-8979/2007/101(12)/123306/131$23.00 101, 123306-1 © 2007 American Institute of Physics
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Many system issues motivate operating eCOILs at by solving Boltzmann's equation. By simultaneously calcu-
higher pressures to obtain larger densities of 02(0A) for a lating the axial speed of the flow based on constant pressure.
given yield and to provide higher back pressure for expan- change in enthalpy, species densities, and gas temperature.
sion. If higher order effects are not important, and param- the integration in time is mapped to axial position. Although
eters such as energy deposition per molecule are maintained computationally fast. the weakness of this method is neglect-
constant, it is expected that absolute O2(tA) production [that ing axial transport by diffusion.
is, the total number of 0 2(tA) molecules produced] should The 2D model used in this study, nonPDPSIM. is a mul-
scale linearly with pressure. thereby providing additional tifluid hydrodynamics simulation, described in detail in Ref.
motivation for higher pressure operation. 14. in which transport equations for all charged and neutral

In previous work, the scaling of production of O2(1A) species and Poisson's equation are integrated as a function of
was computationally investigated using global-kinetics, one- time. Poisson's equation [Eq. ( i], transport equations for
dimensional, and .wo-dimensional (2D) models.' 3"14 It was conservation of the charged species [Eq. (2)], and the surface
found that the yield of O,('A) generally scaled linearly with charge balance equation [Eq. (3)] are simultaneously inte-
energy deposition at low pressures (<10 Torr) until the grated using a Newton iteration technique,
ground state 02 is Jepleted. In this work, we report on results
from a computational investigation of radio frequency (rf) - V (e,14 V (D) = 2 Njq, + p,. (I)

excited flowing He/O 2 plasmas using plug-flow and two-
dimensional (2D) models. The emphasis is on developing
scaling laws for 020A) production in eCOIL systems when r, = - F + Si. (2)

operating at higher pressures. We found that although yields dI
may decrease with increasing pressure, absolute densities of
O-(A) typically do increase. Ground state and vibrationally dp' (3)
excited ozone are major quenchers of O('A), and produc- j +t

tion of these species increase with pressure. With increasing
absolute densities of atomic oxygen and pooling reactions of where E0. P,. (P, p.,, Np i'. o. S,. and qj are the permittivity

02 (A). quenching, by these species also become important, of free space, dielectric constant, electric potential, surface

though the influence of O-atom quenching can be minimized charge density, species density and flux, conductivity of solid

by managing the C-atom density with additives. The yield of materials, sources, and charge, respectively. The subscripts j

O2 ('A) is also determined by discharge stability which be- denote gas-phase species. Updates of the charged particle

comes problematic at higher pressures. densities and electric potential are followed by an implicit

The models and reaction mechanism are briefly de- update of the electron temperature by solving the electron

scribed in Sec. I1. The results from our investigations using energy equation for average energy, s.

the plug-flow model are discussed in Sec. III" followed by a n)
discussion of results obtained from the 2D model in Sec. IV. = ql',. E - n, AJN,Kj - V • (2l, - X, V T, (4)

Concluding remarks are in Sec. V.

where 3kT,=.-. The terms in Eq. (4) are for the contribution

II. DESCRIPTION OF THE MODELS from Joule heating, elastic and inelastic impact processes
with heavy neutrals and ions with energy loss Kp and elec-

This investigation was performed with plug-flow and 2D tron heat flux consisting of terms for electron energy flux
models. The plug-low model GLOBAL-KIN addresses gas- (l',) and a conduction (Xe is the electron thermal conductiv-
phase chemistry ard transport. solution of Boltzmann's equa- ity). The electron transport coefficients and rate coefficients
tion for the electron energy distribution, and equations for for bulk electrons as a function of T, are obtained by solving
axial fluxes of mss. momentum, gas energy. and electron the zero-dimensional Boltzmann's equation for the electron
energy. The mode is described in detail in Ref. 13 and so energy distribution to capture the non-Maxwellian nature of
will be only briefly discussed here. the electron swarm.

GLOBAL_KIC is a volume averaged, global-kinetics The fluid averaged advective velocity v is obtained by
model for plasma chemistry. When operated in a plug-flow solving a modified form of the compressible Navier-Stokes
mode, axial transport is also approximated. GLOBAL-KIN equations in which momentum transfer from ion and electron
contains a plasma chemistry module, a surface kinetics mod- collisions, and acceleration by the electric field are included
ule. and an electren energy transport module. In the plasma in the momentum equation. and Joule heating is included in
chemistry module. the time rate of change of species and the energy equations.
temperatures (electron and gas) are obtained integrating their
respective conservation equations. Assuming a linear axial ,p- - V,' () + P, (5)
flow in a cylindrical tube. transport to radial surfaces is in- dt
eluded by using a Jiffusion length. The reaction of fluxes on
surfaces is addres,.ed by the surface kinetics module which d(pv)
utilizes a surface site-balance model. Electron-impact rate =t Vp - V. (/VV) - V -+ (qjN, - MjA,Sj)E.

coefficients are provided by the electron energy transport
module where the electron energy distributions are obtained (6)
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d*J)=-V- KV T+pvcT) + j E- Y RAH Inlet Outlet

0 -O20 30 410 50 60
+p V -v, (7) a) Position (cm)

where P represents the inlet and outlet flows (the inlet flow is 1*- 13 cm
specified while the output flow is adjusted to maintain a con- -R Electrodes
slant mass flux), p is the total mass density. p is the thermo- 0 Inlet 6 cm
dynamic pressure, i is the viscosity tensor, cP is the heat
capacity. K is the species averaged thermal conductivity, j. is
the mobility, and Af the molecular weight. AHj is the change b)
enthalpy due to reaction i having total rate Ri.The reactions
include Frank-Cordon heating from electron-impact disso- FIG. 1. Schematic of the discharge tube. (a) Computational domain. The

flow enters uniformly from the left where pressure. speed, and temperature
ciation of molecules as well as conventional chemical reac- are specified. The walls are held at constant temperature and mass flux is

tions. The sums (other than for reactions) are over all conserved at the outlet. (b Close-up showing ring electrodes.

charged and neutral species. The contributions to momentum
from charged particles include those of electrons. The con- signed a wall quenching coefficient of 10-5.which results in
tributions to the energy equation from Joule heating includecontibuionsfro ios. Te hat ranser romelecron is insignificant wall quenching for typical eCOIL conditions.
contributions from ions. The heat transfer from electrons is The effective yield of O2(A) is defined as the ratio of
included as a colli,.ional change in enthalpy. The relationship the combined 0 2(lA) and OX(Y) densities to the sum of the
between pressure, density. and temperature is given by theidea-ga la. Te nuerial ridin nnPDSIMuse an densities of all oxygen-containing species on a molecular 0,
ideal-gas law. Thc numerical grid in nonPDPSIM uses an

unstructured. cylirdrically symmetric mesh with triangular basis,

elements.
The reaction mechanism for He/O, plasmas used here is y = [0(,A)] + [O(lX)]

essentially the same as that described in Refs. 13 and 14, and ([0 21+[0 2 (v)]+[O(A)]+[01( i-)] + 0.5[0] + 1.5[0;1)
involves reactions in the gas-phase discharge and afterglow (13)
as well as recombination and quenching reactions on the
discharge tube wa.Is. The species in the model are ground-
state neutrals 02, 0, 03. and He: O(v) (the first four vibra- This choice of yield was made with the prior knowlcdge that

tional levels of 02), electronic states 0 2(lA), O(11), O('D). the majority of 0 2(1) is quenched directly to O,( A). Typi-
0((S). and HeS) • and the ions 0., Q O- - - and cally in the afterglow region. the density of 0,(X) is negli-

He'. gibly small. As such. Eq. (13) is most relevant for best case

The precursors to the eCOIL laser, 02( A) (0.98 eV) and energy scaling.

02(01) (1.63 eV), are dominantly produced in the discharge In our model the first ftur vibrational states of h, ar

by direct electron mpact with the ground state. lumped into a single effective vibrational state 040 having
excitation energy of 0.19 eV. In addition to superelastic eccc-

* + 0, 02(l A) + e, (8) iron collisions with 0,(v), all electron impact processes in-
cluded for ground state 02 were also included for 0.,(v) with

e + 0, 02( S) + e. (9) the threshold energy shifted by 0.19 eV. In a similar manner.
in addition to collisional quenching of O.(v) which contrib-

and in reactions of electronic excitation transfer from meta- u tes to as hea in al h e y i cl reactionsw icl o r
stabe O(D) aoms,utes to gas heating, all heavy particle reactions included for

stable O(D) atoms, ground state 02 were also included for 0 2(v). Although we

O(CD) + 0, 0.,(tY) + 0. (10) acknowledge that rate coefficients for these processes may
depend on the vibrational state, there is limited kinetic avail-

Production of 02( 1) generally also results in generation of able to account for those effects and so they have not been
O.(1A) through rapid collisional quenching reactions with included here. Since the density of 0 2(v) is typically only
atomic oxygen and ozone. The atomic oxygen is dominantly 10-2 10-3 that of ground state 02 we expect that the error
produced by electron-impact dissociation of 02, resulting from those omissions is small.

e+O, - 0+0+e. (I1) A schematic of the idealized eCOIL device addressed in
this study is shown in Fig. I. A He/O,=70/30 mixture is

e + 02 -- O(lD) + 0 + e. (12) flowed through a cylindrically symmetric quartz tube 60 cm
in length and 6 cm in diameter. A rf electric discharge is

The O,(1A) persists far into the afterglow due to its long operated between two ring electrodes 2 cm wide with centers
radiative lifetime, where the most significant quenching re- separated by 13 cm. The electrodes are powered up to a few
actions are collisiois with 0 atoms and 03. and energy pool- kW at 25 MHz. The flow rate for each pressure corresponds
ing with 0 2 (IA). The rate of quenching of O2(1A) by colli- to an average axial inlet speed of 985 cm/s. Thus the species
sions with the walls is uncertain due to the variability of the residence time is approximately the same for each pressure
quenching probability with temperature and conditions of the provided we neglect gas heating. Our investigations were
wall. Based on estimates for similar conditions, we have as- limited to the region of the reactor prior to supersonic expan-
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sion and injection of I, The wall temperature was held fixed _ __Discharge

at 300 K assuming active water-jacket cooling. E rFc 3To
-U Flow

3 50 Torr

III. SCALING OF 02(1A) PRODUCTION WITH 1. 2 30
PRESSURE: PLUG-FLOW MODELING 20

The basic sca;ing laws of 02(IA) generation as a func- o.
tion of pressure ir flowing He/O, plasmas were first inves- a) 0
tigated using the plug-flow model GLOBAL-KIN for the ge- 2. Discharge
ometry shown in Fig. 1. To eliminate as many systematic 50 Torr ' r=3cm

Flow /30
trends as possible while changing pressure, two parameters 1.5 20
were kept constant: energy deposition per inlet oxygen mol- 10
ecule a (eV/mole-ule) and flow residence time in the dis- 9 1.0 3
charge tube, r• To keep r constant. the flow rate is increased
in proportion to pressure. To keep t constant. power is in- 0.5
creased in proportion to pressure provided r is constant. b) o.0
Computationally. this is accomplished by computing the Disc"e
power deposition as a cycle averaged product of voltage - 2.0 r -- cm
times current and comparing that power to the value required yor Flow- 1.5 --' "50Tr

to keep ar constart. Every few if cycles the voltage is ad- 3
justed (increased or decreased by a maximum of a few per- o 1.0-

cent) in the direction to deliver the desired power. This pro- L 10
cess is continued until a quasi-steady-state is reached. 0 0.5.

Keeping these parameters constant, if there are no sec-
ond order effects, yield should remain constant and absolute C) 1 30 40 50 6C

O2(A) production should scale linearly with pressure. We Position (cm)

also expect that the electron temperature T, and gas tempera- FIG. 2. Plasma and flow parameters for 3-50 Torr (a=0.3 eV/molecule,
ture T, should weakly depend upon pressure. The former He/O,=70/30, r=3 cm). (a) Power. b) electron density, and (c) atomic

insensitivity results from electron losses being dominated by oxygen density. In the discharge region up to 10% of the molecular oxygen

volumetric processes (i.e.. attachment and dissociative re- is dissociated.

combination) and so the rate of loss by diffusion does not
significantly affect the electron accounting. The latter insen- densities of 2.2 X 1015 to 1.6X 10 16 cm-3 from 3 to 50 Torr.
sitivity results from thermal conduction, which is the domi- This increase in O-atom density is sublinear with respect to
nant temperature iegulating loss process, not being a sensi- pressure due to the increased efficiency of consumption of 0
tive function of pressure in the range we investigated, atoms by the three-body collisions that form ozone.

At least two second order effects will be seen to be im-
portant: three-body reactions and discharge stability. The
three-body reactions which produce quenchers of O20A), This reaction has a rate coefficient of 6 X 10-34(7-,
such as 0., are detrimental due to the resulting reduction in 300)-2 .8 cm 6 s-I which decreases the formation of ozone
0 2 (tA) density. Three-body reactions of the sort A+B+M with increasing gas temperature. The main reaction for ozone
-AB M are typically exothermic and can be a significant destruction.
heating source as these reactions begin to dominate at higher 0 + 03 - 02 + 02, (15)
pressures. The resilting increase in gas temperature usually
has a negative effect. The onset of discharge instabilities at has a rate coefficient. 8 X 10-12 exp(-2060/T) cm 3 s- 1. The
higher pressures is potentially harmful due to the nonuniform increase in exothermic three-body reactions, such as Eq.
power deposition that results. (14), with increasing pressure results in significant gas heat-

Plasma parameters obtained with the plug-flow model ing. In spite of a being a constant. the result is that the peak
for pressures from 3 to 50 Torr for He/O 2 =70/30 and a gas temperature increases from 330 to 520 K when increas-
=0.3 eV/molecule (40-670 W) are shown in Figs. 2-5. The ing pressure from 3 to 50 Torr. Note that at 3 Torr, the peak
power profile is specified based on the results from the 2D in T. occurs in the discharge region where plasma heating
model. When keeping a constant, the electron density (mostly ion Joule heating) is the dominant heating mecha-
weakly depends upon pressure, increasing in peak value nism. At 50 Tort. T. peaks downstream, a consequence of
from I X 1010 to 19X 1010 cm-3 from 3 to 50 Torr. There is heating from exothermic three-body reactions which occur
a small decrease in T, (from 2.7 to 2.4 eV) when increasing dominantly outside the plasma zone.
pressure due to a reduction in diffusion losses of electrons. The combination of increasing production of 03 due to
The decrease in 7 . then reduces the power dissipation per three-body processes and increasing destruction of 03 due to
electron which necessitates an increase in electron density. an increase in gas temperature results in the axial depen-

Electron-impact dissociative excitation of 0, results in dence of 0 3, as shown in Fig. 3(a). At low pressure. the peak
approximately 10% dissociation, producing peak O-atom in 03 density occurs downstream. The low rate of three-body
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1-1G. 3. Density of o;;ygen species for 3-50 Torr (a=0.3 eV/miolecule. FIG. 5. Gas temperature and yield for 3-50 Torr (a=0.3 eV/molecule.
He/O,=70/30. r=3 cma). (a) 0,. (b) 0,('A)+O,('!:) and (c) combined He/O,=70/30. r=3 cm). (a) Enthalpy from three-body recombination heat-
0O(L%)+O,(')) yield. 11he peak of ozone production is in the upstream side -a sincluded. (b) recombination heating is excluded' n icmie
of the discharge region where the gas temperature is lower. 0,('A)+O,('!) density for 30 and 50 Torr with and without recombination

heating. For these conditions there is a decrease in yield when the gas
becomes colder due to the increased production of 01.

reactions and low gas temperature (low rates Of 03 destrtc-
tion) result in moit of the 03- being produced only after a i rprinlyhge eutn nlrertso omto
finite flow time z.nd this density accumulates in the dis- t rprinlyhgc eutn nlrertso omto
charge. (The avetage residence time in the flow tube is Of 03 in the discharge prior to there being sigtificant gas

60 ins.) At higher pressures, the rate of three-body reactions heating. For examnple. the peak 03 density is 2.2
X 10's cm-3 at 50 Tory. The accompanying increase in gas
temperature downstream results in increased rates of destruc-

0.8 tion Of 03 by collisions with 0 atoms which ultimately re-

0.6- duces its density. The end result is that the downstream den-
sity of 03 is maximum at (1-2) X 0"cr 3 at pressures of

- 0.4. 10-20 Torr.
0 The 03 density is an important consideration due to its

_ 0.2[- being an efficient quencher of 04('A),
CP

0c -0 X )+0 -0 ,+0 (16)
a) 0 1 20 30 40 50 - -

Pressure (Torr) Wiha rate coeffictent of 5.2 X 10- exp(-2840/ T')

0.08 -il tEi CM3 S-1, the rate of quenching increases with the increase in
gas temperature occurring at higher pressures. [Note that the

S0.06.
rate coefficient for quenching of 0 ,(tA) by vibrationally ex-

cie 3is more than an order of tmagnitude larger than for
+ the ground state.--] The increase in 0.1 and the increase in

0.02 -gas temperature both increase quenching rates. This results
o4 in the density of 0,* [denoting the sum of the densities of

1000 2o 0 30 4,0 50 02 0A) and 0.,(')) increasing sublinearly with increasitng
b) Pressure (Torr) pressure and in the decrease of total yield as a function of

[FIG- 4. Density of ox)Sen species tta=0.3 eVirnolecule, He/O,=70/30. C rsue s shw n Fg . tlw pesr
=3 cin) as a function of pressure at the exit of the tube. (a) 0,A (--10 Torr) with constant a. the yield is nearly constant and
+0,('!) and Nb combined 02('A)+O '')) yield, so the absolute production of 0,* scales with pressure. At
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higher pressures. te production and yield of 0, peak in the .Disage
plasma zone. The density of 0,* decreases thereafter, a con- o10' O" 1
sequence of downstream quenching at the higher gas tern-
peratures in the presence of 03. The result is sublinear scal- .oo
ing with pressure. .

At higher pressures contributions to gas heating are t1'
dominated by three-body recombination heating and Frank- 0
Condon heating due to dissociative electronic excitation. To a)10 ' .

distinguish between these two contributions, we artificially Discharge
excluded contribu:ions to gas heating from changes in en- 10' 3t

C(A).thalpy AH from three-body recombination reactions. The re- 00_

suiting gas temperatures. shown in Fig. 5(b). are lower by . 10 _-

50-70 K at higher pressures (30 and 50 Torr). For lower
pressures (3 -10 Torr) the differences in gas temperature are clo0 I

small and heating is dominated by Frank-Condon and Joule
heating in the plasma zone. Decreasing the temperature in b) 10

this manner increa;es the 03 density which translates directly Dschre
into higher quenching and lower exit densities of 02*. This 50 Torr
results in lower 0,* yields, as shown in Fig. 5(c). 0 ('A)-

The hierarchy of the main quenchers of 0 2('A) for 10, E10
30. and 50 Torr is shown in Fig. 6 for the base case condi-c
tions. Quenching limes are determined by 11(k[M]), where

c 10*1
[M] is density of the quencher and k is the rate constant. o 1 -0,
More rapid and important quenching reactions are denoted )1° "k--by shorter quenching times. By the exit of the discharge tube. )20 3 0 40 ( 50c) 60

03 is the primary cluencher for pressures > 10 Torr. For pres-
sures higher than 30 Torr, quenching times by 03 become FIG. 6. Quenching lines for 02 ('A) for (a) 10, (b) 30, and (c) 50 Torr ((r

othe gas residence time which is about 60 ins. =0.3 eV/molecule, He/O,=70/30. r=3 cm). Ozone is the main quencher
comparable to in the postdischarge downstream region. For pressures higher than 30 Ton"

Atomic oxygen ii the second most important quencher. the ozone quenching time becomes comparable with the gas residence time.

Quenching times f:r 02 and 0( 'A) are of the order of a few
seconds and not important. Note that the 03 density, espe-
cially at high pressures, is two orders of magnitude smaller tan the ax u gas temperreine thme as

thanatoic xyge bu itis te dminnt qencer.the prior ease. However, the shorter residence time down-than atomic oxygen but it is the dominant quencher.
Another second order effect that complicates pressure stream reduces the amount of conductive cooling and so the

sealing when charging the tube size is heat transfer to the exit gas temperature increases to 610 K for 50 Torr. The
walls. For example, plasma and flow parameters for tubes higher gas temperature increases the rate of 03 destruction
walls. Frxample, plama and lwhipe ep oters fonditubs and decreases the rate of its formation, thereby reducing 03
having radti of 3 and I cin while keeping other conditions densities. The lower 03 densities and shorter residence times
equal (a=0.9 eV/moleCtLe and 60 ms residence time) are reduce the likelihood that quenching of 02 ('A) will occur.
shown in Figs. 7 aid 8. In the larger tube and with the larger As a restit. yield is restored to 13.3% at 50 Tort.
diffusion length for heat transfer to the walls, gas heating at Another factor that is potentially important to pressure

50 Tor produces temperatures of nearly 800 K. As a conse- An is pot te-oy i ng o presur

quence. 03 produced in large quantities upstream in the dis- scaling is the possibility of three-body quenching of 0,('A)
charge is rapidly depleted in the afterglow. The prior domi- by 0 atoms. Previous studies of excited state kinetics in dis-

chare i raidl deletd i th afergow.Theprir dmi- charges sustained in oxygen' 1.15,1 indicated lower than ex-nance of 03 as a quencher is reduced to be comparable to cted yied of oxygn I' " ndicates wer the
that of atomic oxygen. Yield for 0, at the end of the tube for pected yields of O.tA) at higher pressures where the
50 Torr is 10%. down from 14% at 3 Ton-. 0-atom density is high. The authors" proposed that oxygen

atoms in a three-body collision were responsible for the
Reducing the tube radius results in more efficient gas

cooling due to the shorter radial diffusion length. For ex- quenching.

ample. the gas temperature at the tube exit at 50 Torr drops 0(XA) + 0 + 0, -- 02 + 0, + 0. (17)
from 750 K for a radius of 3 cm to 430 K for a radius of
I cm. As a result, there is increasing production of 03 down- Good agreement was obtained between modeling and experi-

stream as the tenierature decreases, ozone again becomes ments with a rate coefficient of I X 10- 32 cmi' s- 1. This pro-

the main quencher of 0,(tA), and yield decreases to 7%. cess is in addition to the two-body quenching of 02 ('A) by 0

Ozone and ga5, temperature management are clearly im- atoms,
portant considerations in pressure scaling. For example, pres- 02('A) + 0 - 02 + 0. (18)
sure scaling for a tube with a radius of I cm was repeated
keeping a=0.9 eV/molecule while increasing the flow rate having a rate coefficient of 1.1 X 10- ' cm 3 S- 1.

to reduce the resi-lence time by a factor of 9 to approxi- The densities of 0, and yields for 10 and 50 Tor with
mately 7 ms. The results are shown in Fig. 9. Since a is and without three-body 0-atom quenching of 0,('A) are
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FIG. 8. Plasma and flow parameteri for 3-50 Torr (a=0.9 eV/molecule.FIG. 7. Plasma and flow parameters for 3-SO Tort (a=0.9 eV/molecule, He/O -70/30) for a radius of l cm and a residence lime of 6(1 ma. (a) Gas

He/O,=70/30) for a ridius of 3 cm and a residence time of 60 ms. (a) Gas He/ a,=0 ) or d isty, c m qu enc e time f 60 s. () Gas
temperature, (b) 03 density, (c) quenching times at 50 Torr. and (d) comn-temperature, (h) 01 dtnsity, (c) quenching times at 50 Tort, and (d) com- bined O,('A)+O,('!:) yield. The smaller tube radius provides for higher

bined O,(A)+O,( ) yield. A long residence lime results in higher gas rates of gas cooling which restores the ozone density in the afterglow. As
temperature and lower ozone density. such the yield for 50 Tort decreases from 10.8% to 7% compared to a 3 cm

tube.

shown in Fig. 10. Yields and 02* densities decrease by ap-
proximately a fac.or of 2 at 50 Torr when including three- NO, both rapidly react with 0 atoms in a chain reaction that

body quenching. or pressures greater than 20 Torr, three- has the net effect of converting 0 atoms to 02,. These reac-

body quenching by 0 atoms is commensurate with that by tions are
03, as shown in Fig. 10(d). Resolution of the value and tem-
perature dependence of three-body quenching of O,(lA) by
0 atoms is clearly important to the pressure scaling of
eCOIL devices. Alternatively, gas mixtures can be selected in NO, + 0 - NO + 02, (20)
which 0 atoms created by the discharge are scavenged and0with rate constants of I X l0-31(T,1300)-1 cm('s-1 and
so minimize the influence of 0 atoms on quenching of wihrtcosasofIXl 3 ( I0)'ctbtanso(t Oin yethnfluen atoms areoalsoef en quenchs of 4.21 X 10-12 exp(-273/T,) cm 3 s-1. respectively. By control-
(PA). upper laser level, and so minimizing the 0-atom ling the O-atom density in this manner, quenching by 03 is

i inve o also regulated as 0 atoms are the precursor to 01 formation.density also directly aids in maintaining the inversion.densty lsodirctl aid inmaitaiingtheNO addition has the added benefit of removing 03 by
Many method; have been proposed to scavenge 0 atoms

and so improve laser performance. such as coating of the NO + 0 - 0, + NO,. (21)
tube walls with HgO.' 5 A practical and recently imple-
mented method is to use small amounts of NO or NO2 either having a rate coefficient of 1.4 X 10-12 exp(- 1310/ T)
in the initial gas flow or as additives downstream.:' NO and cm 3 s I.
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FIG. 9. Plasma and flw parameters for 3-50 TorT (ir=0.9 eV/molecule, d) 0 10 20 30 40 50

Pressure (Tort)

He/O,=70/30) for a ridius of I cm and a residence time of 7 ms. (a) Gas

temperature. (h O density. (c) quenching times at 50 Torr. and (d) corn- FIG. 10. Density of oxygen species (a=0.3 eV/molecule. He/0 2 =70/30,

bined O,('A)+0 2(' ) yield. A smaller residence time results in lower gas r=3 cm) with and without three-body quenching with 0 atoms. (a)

temperature in the discharge region, but prevents rapid cooling in the after- O(A)+02('!) for l0 and 50 Torr, (b) combined O,(i'A)+O,('!) yield for

glow. Yield is restored to 13.3%. 10 and 50 Torr, (c) combined 02(IA)+O2(17) yield as a function of pres-

sure at the exit, and (d) quenching times. Accounting for three-body quench-

ing results in substantial decrease in yield (dashed lines). Symbols 0,,h) and
The effect of NO addition in high pressure scaling when 0 (1.1 indicate atomic oxygen in two-body and three-body reactions.

including three-body quenching by 0 atoms was investigated
using the plug-flow model. Densities of oxygen species (0. pressures, the consequences of this process can he minimized

03, and 0, and yield are shown in Fig. I I as a function of by managing the density of 0 atoms with small amounts of
pressure and inlet NO mole fraction. These quantities are at additives, such as NO or NO.
the exit of the flow tube. In the absence of NO, 0 and 03
densities increase with pressure and saturate around IV CONSEQUENCES OF HYDRODYNAMICS ON
10-20 Torr. With these large densities of 0 and 03 as PRESSURE SCALING
quenchers, the density of 0,* reaches a maximum between
10 and 20 Torr and slowly decreases at higher pressures. The results obtained using the plug-flow model provide

This quenching results in a monotonic decrease in yield. insights into the kinetic processes that affect O 2( t A) yields

With addition of up to 1% of NO, the exit densities of 0 when increasing pressure. In this section additional consid-

and 03 at pressures above 20-30 Torr are essentially elimi- erations will be discussed with results from the 2D model

nated. The reduction in these densities directly translates into that more realistically represent the electrical circuitry. elec-

less quenching and higher exit densities of OX(A). With 1% trode losses. uniformity, and flow considerations.

NO, the absolute densities of O2(tA) increase with pressure Another second order effect that may influence 02('A)

and yields are largely restored. Although three-body quench- production is the discharge constriction commonly observed

ing of 02('A) is potentially an important process at high at higher pressures due to the smaller mean-free path of elec-
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FIG. 11. Plasma froperties at the exit of the flow tube (as
=0.3 cV/molecule, He/O,=70130. r=3 cm) as a function of pressure and p (4.1 - 21) x 1071 gkaTt)
NO addition. Densities of (a) 0, (b) 0,. and (c) O2('_A)+O2(':E), and (d)
combined O,('A)+O,('Y) yield. Three-body quenching by 0 atoms is in- St~ 40 50 6
eluded. Addition of small niole fractions of NO regulate the -atorn density b) Position (cmn)
and restores yield.

MIN in I- MAX
trons and gas heating. The shorter mean-free paths result in FIG. 12. (Color) Plasma parameters [electron density, electron temperature.
electron-impact excitation occurring dominantly in regions gas temperature, and densities of 0. 0,, and 0,('-\), and total gas mass

of high electric ficld (that is. electron transport is local as density] for (a) 101 and (h 50) Torr (He/O,=7t0/30. 25 MHz rf excitation,

opposed to nonlocal). Gas heating and the resulting rarefac- as=0.3 eV/nmolecule). All values are averaged over one rf period. The flow
is from the left. The scales are linear with zero minimum values with the

tion produce nonuuniformities in gas density which even with exception of T, unless the number of decades is indicated tor lop plots%. The
uniform electric fields may produce nonuniform values of maximum value is indicated in each figure. Discharge constriction at the
EIN (electric field divided by gas number density). higher pressure occurs near the downstream electrode

For example. plasma properties and the spatial distribu-
tion of species d,nsities are compared in Fig. I12 for a with a peak value of 1.6 X lll) cm-V3 . The cycle averaged
=0.3 eV/molecule for moderate (10 Tonr. 133 W) and high electron temperature is 1.9 eV in the bulk plasma. peaking at
(50 Torr, 670 W) iressures. These results are averages over 2.4 eV near the electrodes. The dissociation fraction of the
the 25 MHz cycle in the quasi-steady-state. (When compar- inlet 02 is 4.5%. producing a peak 0-atomn density of 8.3
ing these results t: those from the plug-flow model, recall X 1015 cm-3. The 0 atoms are progrcssively convened to 0~
that the values ob.,ained from the plug-flow model are vol- as they flow towards the exit, producing an exit density of 0
time averages. The peak values as a function of radius in the of 2.4 X 1()14 cm-'. The increase in gas temperature is about
2D model, in many, cases occurring on the axis, will be larger 130 K which decreases downstream where the 03 density is
than those from tEe plug-flow model.) At 10 Torr the elec- highest. Due to the low gas temperature. 0,(tA) quenching
tron density is smoothly distributed between the electrodes (mostly by ozone) is negligible.
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At 50 Torr. the discharge becomes inhomogeneous with Electron Density (ca) Power Deposition (W/cn)
the highest electron density of 5 X 101l) cm - 3 near the down- 3Tr (1.1 x 10'°ma, 3d9c)) 3Tort (0. IVWcm

stream electrode. The peak electron temperature drops to
1.85 eV. Due to recombination and Frank-Condon heating, 10Tort 1.6 X"o" cAV 10Tor(09Vtinj
the peak gas temFerature increases to 1700 K. The rarefac-F I W777
tion of the gas near the downstream electrode allows for
higher proportional power deposition there. Oxygen mol- 1

ecules are more highly dissociated (10% fractional dissocia-

tion) producing a peak 0-atom density of 9.4X 1016 cm- 3 . 30Torr 4.7x10'*n' 3dec)) 3

Due to the high temperature near the downstream electrode, I M
03 produced in the upstream portion of the discharge is 40Torr 4.gx0 .cn'3de)) 40Torr 4.3 W=)

largely destroyed prior to leaving the discharge zone. The 03 V I I %1;;W
density is gradually restored downstream near the tube walls 45Tor (5, 1OU0*t4 3do) 45Tort 5.6 Vi

where the gas is coolest. The 02(0A) density maximizes in
the discharge region where the power deposition is concen-
trated near the downstream electrode. 0 5.2x 10" c dec

The reduced electric field EIN (electric field/gas number _ , I I,
density) is not uniformly distributed over the discharge. The a) Position (cm) b) Position (an)
maximum values of EIN occur in the sheath regions near the MIN 491.wi- .* MAX
electrode. However, at the pressures of interest, the majority
of power deposition occurs in the bulk plasma where the FIG. 13. (Color) Plasma parameters for pressures from 3 to 50 Torr

(He/O,=70/30. 25 MHz rf excitation. a=0.3 eV/molecule). (a) Power
electron density is maximum. In these volumes, typical val- deposition and (b) electron density. All values are averaged over one rf

ues of EIN (averaged over a rf cycle) are 10-25 Td (I Td period. The flow is from the left. The scales are linear with zero minimum

1 0- 11 V cm 2) with there being a tendency for the EIN to values unless the number of decades is indicated for log plots. The maxi-
mum value is indicated in each figure. Discharge constriction occurs near

decrease with increasing pressure as diffusion losses de- the downstream electrode due to rarefaction of the gas,

crease. For example. for (Y=0.3 eV/molecule. EIN in the
bulk plasma decr2ased from 25 Td at 3 Tonf to 13 Td at
50 Tof. (These values do not significantly change for higher A measure of the onset of a constriction instability is the
values of a.) Sirce the fractional power deposition into maximum value of the pressure normalized power deposi-02(') i maimu fo E/~l0-5 T. oeraingat ion. P (W/cm3 Torr). When keeping ar constant and increas-0,('A) is maximum for EIN-10-15Td. operating at to,P(/m

higher pressures i:; kineticaily more efficient since a larger ing pressure, and in the absence of constrictions. P should
fraction of power ieposition is transferred so a2(lA). also remain a constant. The maximum value of P in the

Just as managing the O-atom and 03 densities, and the discharge. shown in Fig. I5. has a gradual increase from
gas temperature are important to scaling O2,(A) to higher
pressures. so is managing the stability of the discharge. The Gas Density (g/CM3)
transition from a diffusive and homogeneous discharge to 3Tot (1.87 -2. 1)x 104 g1crn)
one prone to instabilities or constricted states is not unusual
when operating at higher pressures in electronegative
gases. 12.t5, At pressures lower than those associated with •Tonr (8.1- .7)x10F4 g/qn)

streamer propagation (as in corona discharges 24 ) the onset of
instabilities or con:;trictions results from a nonuniformity that 20Tor (1.8-3 x 0 gkm)
produces local regions of higher power deposition or elec-

tron heating that diffusion is not able to disperse across a
larger volume. That is. electron transport is local as opposed 30 Tor 53.4 -9.) X 10 pkm)
to nonlocal.

In the geometry investigated here, pressure scaling is
ultimately limited by an instability initiated by discharge TOor(.-.~ 11MWa3

constriction which occurs between 40 and 50 Torr. This
trend is shown in Fig. 13 where the electron density and 45 To. (0.3-12) x 1W 9CM'
power deposition ure plotted for pressures from 3 to 50 Ton
for a=0.3 eV/molectile. The corresponding gas densities are
shown in Fig. 14. Power deposition. diffusively distributed at 50 ToW 50.4 -2.1)x 104

3 Torr, gradually constricts about the downstream electrode. 
producing a corre,,ponding constriction in the electron den- Position (cm)
sity. This constrict ion results, in part. from an increasing de-
gree of rarefaction in the total gas density in going from MIN MW- I W MAX
upstream to downstream as the gas heats. The lower gas FIG. 14. (Colod Total gas density for pressures from 3 to 50 Torr

density near the downstream electrode enables a higher con- (He/O,=70/30. 25 MHz rf excitation, a=0.3 eV/molecule). Significant

ductivity and higher local power deposition. rarefaction of the gas occurs near the downstream electrode.
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£p 0.3 eVlmotecule 400 W). The higher gas temperatures obtained at high pres-
sures result in depletion of ozone in the afterglow. The maxi-

mum yields (15%-20% for a=0.3 and 25%-30% for (z

=0.9) are obtained at 50 Torr- at the edge of' the discharge

~ 0.10zone. The yields then drop below 5% for- a=0.3 and below
10% for a=0.9 due to quenching.

The hierarchy of the main quenchers of 0,( 'A) for 10.
0. ___________30. and 50 Torr obtained with the 2D model is shown in

0ressure (Torr) Fig. 18 (a=0.3 eV/molecule) and Fig. 19 (a=0.9 eV/

molecule). For the lower energy input (0.3 cV/mioleCUle). 0O'
FIG, 15. Maximum value of the pressure normalized power deposition is the main quencher in the afterglow up to 30-40 Torr. This
(W/cm3 Torr) as a function of pressure (He/ 02=70/30. 25 MHz rf excita- result is basically the same as predicted by the plug-flow
tion, (.r0.3 eV/molecule). A transition from a uniform and homogeneous mdln.Wt nraigpesr n nraigaslt
discharge to constricted discharge occurs between 40 and 50 Tom oeigiihTnraigpesueadiceaigaslt

densities of atomic oxygen and 0,('A), quenching by these

3 to 40 Torr,. follcwed by a rapid increase above 40 Tor-. spcebgistdo na.Thpolgrato.

This rapid increase indicates a constriction in the discharge. 0 2C'A) + 01( 'A) - 02 01X) + 021, (22)
The axial distributions of gas temperature and neutral generates 0 2 02X) as a product that is quenched to form

oxygen species are shown in Figs. 16 and 17 for pressures 020'A). For the higher energy input (0.9 eV/molecule).
from 10 to 50 Ton- for a=0.3 and 0.9 eV/molecule (133 and atomic oxygen and 0,( 'A) become the main qucnchers in

18 Discharge 03e/ocLeDischarge 0 9 eV/Molecule
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oito (m
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0.3 eV/molecule 0.9 eV/molecule
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Discharge Discharge

0~ Ton 3Toff - 101 30OTorr
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00
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E E 0:-lco I loc 1o
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FIG. 18. Quenching times for O,('A) for (a) 10. (b) 30, and (c) 50 Torr FIG. 19. Quenching times for 0,('A) for (a) 10, (h) 30, and (c) 50 Torr
(He/O 2 =70/30. 25 MHz rf excitation) for tr=0.3 eV/molecule. Up to (He/O2=70/30, 25 MHz rfexcitation) for a=0.9 eV/niolecule Quenching
30-40 Torr ozone is the main quencher in the afterglow. With increasing by atomic oxygen and pooling reactions of 0 2('A) dominate.
pressure and increasini, absolute densities of atomic oxygen and pooling
reactions of O('A). quniching by these species begins to dominate.

yields of 02('A) will require careful management of the 03

the afterglow even for lower pressures, as shown in Fig. 19. density. Left unchecked, quenching of O,(l A) by the 0 pro-

A summary of pressure scaling for 0 2CA) production is duced at high pressure is a rate limiting step. At higher en-

shown in Fig. 20. 0 2(A) densities and yields obtained from ergy densities and pressures, quenching by 0 atoms and en-
the 2D model as a function of power (for a=0.3, 0.6. and
0.9 eV/molecule) are plotted for different pressures. These 10' --

values are taken on the tube axis near the exit plane at s0Tor, 7

58 cm. Absolute 0,(A) production generally increases with • *
E "

power for any given pressure; however, it is not necessary * - 20"
maximum at the highest pressure. The yield of 0,('A) also F 10" 0

increases with power for any given pressure; however, the- •
yield at a given power generally decreases with pressure. c_" *

These trends are largely a result of the increase in gas heat-

ing and influence Cf 03, 0. and 0(tA) quenching at higher a) 0 500 1000 1500 200C
pressures. and discharge constriction resulting from nonuni- Power(W)
form rarefaction along the flow tube. 0 14

012- /
V. CONCLUDING REMARKS 0 o 1  20 0

Pressure scaling of the absolute densities and yields of 0n08
O,('A) in flowing He/0 2 plasmas was investigated using o.06 06

plug-flow and 2D plasma hydrodynamics models. We found 0,04- .3 svlvlecu

that the densities and yields of 02(1A) can have significant 0020
0 500 1000 1500 200C

sublinear scaling with pressure. Although yields may de- b) Power(W)
crease with increas ng pressure, absolute densities of 0 2 (A)
typically do increase. Although these results depend on the FIG. 20. Summary of pressure scaling of (a) 021 -) densities and (bi yields

as a function of power (He/0,=70/30. 25 MHz rf excitation). Values are on
layout of the electrodes and the aspect ratio of the flow tube the axis at 58 cm. 02('A) production increases with increasing eV/molecule
more general conclusions can be made. Obtaining high while yields at higher pressures may decrease.
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ergy pooling with 0,('A) may also become important. This 6J. Kodymova. 0. Spatek. V. hirasek, M. Censky, and G. D. Hager. AppI.

is particularly the case for possible three-body quenching 7 Phys. A: Mater. Sci. Process. 77, 331 (2003).
J. Kodymova and 0. Spatek, Jpn. J. Appl. Phys.. Parl 1 37. 117 (1998).

involving 0 atoms;, though the importance of this reaction 'A. A. lonin. Y. M. Klirnachcv, A. A. Kotkov, 1. V. Kochetov. A. P Na-
can be minimized by managing the density of 0 atoms with parnovich. L. V. Seleznev, D. V. Sinitsyn. and G. D. Hager. J, Phys. 1) 36.
additives such as IVO. Pressure scaling also requires manage- 982 (2003).
inent of the gas t(mperature, as the rate of exothermic re- "D. L. Carroll, J1. T Verdeyen. D. M. King. B. S. Woodard. L. W, Skor%ki.

combination react ons rapidly increase. Although the de- J. W. Zimmerman. and W. C. Solomon, I[IEIE J. Quanturn 'lectron 39.

struction of 03 iLt higher temperatures is beneficial, in In~ 115 (2(v)n *t ), .I s.03,321((0)

general an intermediate gas temperature is likely preferred. "A. N. Vasil1jeva. K. S. Klopovskiv, A.S. Kovalev. D. V. Lopacv. Y. A.
Discharge stability must also be managed and this will be Mankelevich. N. A. Popov. A. T Rakhirnov. and T V. Rakhirnova. J.
highly temperature dependent. Nonuniform excursions of gas Phys. D 37, 2455 ((84).

1
2 A. Hicks. S. Norberg, P. Shawcross, W. Lemperl. J. W. Rich, and 1.

temperature in thc plasma zone will produce nonuniform Adamnovich, J. Phys. D038, 3812 (2005).
power deposition and constrictions near electrodes. As such. ''D. S. Stafford and M. J. Kushner. J. AppI. Phiys. 98, (07330)3 (20)05),
low aspect ratio. trinsverse electrodes allowing for more ag- '4N. Yum. Babaeva. R. A. Arakoni, and M. J. Kushner. J. Appi. Phys.9.
gressive gas cooling and more distributed electric fields will 113306 (2(f06).

likely be required -or high pressure operation. "'0. V. Braginsky, A. S. Kovalev, D. V. Lopaev, Yu. A. Mankelevich. 0. V.
Proshina. T. V. Rakhirnova. A. T. Rakhimnov, and A. N. Vasilieva. J1. Phys.
D 39, 5183 (2006).
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